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ABSTRACT 


svandard potential sof, the, Fe (IL) /Fe.(0),, co (LI) /Coa(0) , 
Ni (IL)/Ni,(O) ,-and H(I)/H2(g) electrochemical are a 
near-eutectic KC1-NaC1-Al1Cl3 melt were determined by direct 
measurements of equilibrium potentials of metal electrodes 
andeene hydrogen electrode (H4 on polished Pt) at concentra- 
tions between 0.1 and 1 mol% of the metal (II) or hydrogen 
(I) compounds. 

Voltammetric waves recorded with a platinum micro- 
electrode showed a slight irreversibility of the redox 
systems of iron, cobalt and nickel; this, together with the 
corrosive action of hydrogen compounds present in the melt, 
may explain the differences of 0.04 to 0.10 V between the 
measured deposition and equilibrium potentials of ferrous 
metals in this molten system. 

Hydrogen compounds, probably HCl, are shown to cause 
the corrosion of iron, cobalt and nickel. Their concentra- 
tion in the melt can easily be lowered to approximately 0.1 
mol% by reduction with aluminum metal or by electrolysis. 

It is, however, not always possible to reduce their concen- 
tration below this level, probably because of slow equilibria 
that exist between them and other, oxygen-containing or 
organic, impurities in the melt. The remaining HCl may 


account for the residual corrosion of iron which was observed 


even in the presence of aluminum metal. 
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Chis oer 
INTRODUCTION 
A. FUSED CHLOROALUMINATES 


Molten salt systems containing aluminum trichloride, 
referred to as chloroaluminate melts, have been studied for 
decades. At first this was in conjunction with the electro- 
metallurgy of aluminum. Later, practical interest shifted 
towards using these melts as electrolytes in fuel cells. 

The electrochemical properties of haloaluminates have there- 
fore been studied more often and more thoroughly than other 
properties of these substances. One particular approach, 
used by Yntema and co-workers [49,82-84,86] consisted in 
determining the deposition potentials of various metals in. 
these melts. This was followed by studies of standard elec- 
trode potentials of some metals by Plambeck and co-workers 
ieee, Oc, 64 eee bed Seprobable thats assembling ssuchtdata rand 
comparing them with results obtained in other liquid systems 
will contribute to a more accurate physicochemical knowledge 
of haloaluminate melts and help to prepare a basis for their 
PnOUStL als exploitation, 

Although various chloroaluminate melts, of binary, 
ternary and more complex composition, have been studied, one 
can divide them into two groups according to their content 
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2 
influencing their behavior. Differences between sodium- and 
potassium-containing melts with one and the same percentage 
of aluminum chloride are only of secondary importance. One 
type of melts can be described as consisting mainly of fused 
tetrachloroaluminates, MAIC1,. They result from the melting 
of mixtures with approximately 50 mols AlCl, and according to 
various authors [15,67,81] their main components are M+ and 
AlCl, ions. The particular melt in this group which has been 
studied most extensively has the stoichiometric composition 
NaAlCly, or NaCl:A1Cl3. The other group is represented by 
melts with a high content of aluminum chloride, typically 
between 60 and 66 mol% AlCl3. They are often designated as 
eutectic melts, because binary and ternary eutectics fre- 
quently appear within this region of the respective phase 
diagram. Most measurements in this group were done in the 
KC1-NaCl-A1C13 eutectic melts, whose formal composition is 
Giveritadoerc Gtmiol SA Cils7me2:0) mols NaCl) and)j14 mols, Keleby 
Was@tlewskimet) air sss 136635" mols A1Cl3, 2020 mole. NaCl and 
1625) mols? KCL by Plotnikov and Shvarntsman [66], and as 62.1 


mol% AI1Cl 25 seme lS NaC lavand sl2).89mols KCl by Treadwell and 


3' 
Terebesi [80]. 

The electrochemical studies of Yntema and co-workers 
and of Plambeck, Hames and Anders refer to the KCl-NaCl- 
Al1C13 eutectic, Wislally accepting,» the compositionsspeci fied 


in Wasilewski's paper [85], which corresponds to the 


stoichiometry MCl:2 AlC1,. In the density and melting-point 
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studies* or Midorikawa’’(52753]° the’ composition of the eutectic 
is given as 60 mol3 A1C13, 26 mol% NaCl and 14 mol% KCl. 
This melt was also used by Martin de Fremont and co-workers 
[50]. Recently some electrochemical work has been done in 
melts with an intermediate aluminum chloride content [34,35]. 
Attempts’were made by Torsi and Mamantov [77], by Fannin, 
King and Seegmiller [18,19] and by Boxall, Jones and 
Osteryoung [9] to describe continuous changes in the chemical 
equilibria and the electrochemical properties of chloro- 
aluminate melts due to their varying aluminum chloride 
eontent. 

The experimental work in this thesis was performed 
in a melt containing 64 mol% A1C13, 22 mol% NaCl and 14 mol% 
KCl, a composition very close to that of the ternary eutectic 
and slightly on the MCl side of the ideal MC1:2 A1C1l3 compo- 
Sition. Other chloroaluminate melts will therefore only be 
discussed when comparisons appear to help in the interpreta- 
tion of experimental results. In some cases, physical 
constants not known for the exact melt composition under 
study will be estimated from data known for other similar 
compositions. There is less need for such a procedure today 
than in earlier molten salt research, but rejecting it 
completely would impose unnecessary limitations on the 
interpretation of experimental results. Some chemical 
problems, in particular those of acid-base equilibria in 


chloroaluminate melts [77,81] were first studied for melts 
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with close to 50 mol% AlC13,. The results of such studies 
will be summarized briefly prior to their application to the 
ternary near-eutectic melt used in’ this thesis. 

The physical constants of the KC1-NaCl1~A1C1,-eutectic 
are summarized by Hames [31]. Midorikawa [52] found its 
melting, point tosbe 93°C land this. value -is now widely 
accepted, Wasilewski's [85] lower value of 70°C being 
attributed to.supercooling. .»At the temperature .of our 
meéasunements7nls52eContheomeltidensztysfor"aecomposition of 
65 mol% A1C1,, 25 mol® NaCl and 10 mol% KCl is 1.7 (Midorikawa 
[53] and its specific conductivity approximately 0.3 ohm7tem71 
[54]. The useful range of potentials is 2.06 V [1], the 
cathodic limit being the deposition of aluminum and the anodic 
one the evolution of chlorine. 

Metal chlorides and oxides are generally found to be 
Sa luLeg echo eho -NaCl-AlG)ls seutectie (82,33 ).— {Lower 
oxidation states of some elements are found to be stabilized 
in melts with a high aluminum chloride content [1,31], but 
not necessarily in other chloroaluminate melts [9]. Reasons 
for this stabilization are discussed by Hames [31] and 
Anders [1]. While steric factors, charge densities of 
anions and even lattice energies might be involved, the 
Lewis-acid character of aluminum trichloride seems to be the 
main cause of this effect [9]. The higher the formal charge 
of a metal cation, the more its stability would depend on 


proper coordination, in this case coordination with chloride 
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ions, which have the role of electron donors, i.e., of a 
Lewis base. According to Fannin, King and. Seegmiller, the 


aGuliabeconcentration of chloride ions in a NaCl :2 A1C13 melt 


Use low, OL the ordereor 10° mol2 [19]. 


B. CHEMICAL EQUILIBRIA IN CHLOROALUMINATE MELTS 


As mentioned earlier in this introduction, Trémillon 
and Letisse [81] have successfully described chloroaluminate 


meltsewithWelose tovs0"molsFALClL3"in+téermstof£ acid-base equi- 


libria between various ionized species. "Acidity" here is to 
be understood in its broadest sense, as defined by Lewis 
[71]: acids are acceptors of electron pairs, bases donors 
of electron pairs. In chloroaluminate melts, whenever a 
chloride ion combines with an aluminum-containing species, 
an aluminum-chlorine bond is formed with the electron pair 
for this bond being donated by the chloride ion. This makes 
the chloride ion a base within a Lewis-type acid-base system 
in a chloroaluminate melt. Trémillon and Letisse [81] then 
define acids as acceptors of Cl ions and bases as either 
Cle tonsathemselvesitor*donorsoof: ClaselA basecisstiedntovwits 
conjugate acid by an equation of the form 

base = acid + Cl 
which can be considered an analogy of the classical Brgnsted 
definition 


(base) B + Ht = BH* (acid) 


and an even closer analogy of acid-base equilibria in oxygen 


containing melts, where according to Lux [47] and Flood i233) 
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6 
the donation of electron pairs proceeds as a donation of the 
oxide ion, 027, so that we ecan’write [10] e.g., for molten 
hydroxides 

(base )a- 2) Ohal= H50 (acid) + 027 
and for molten nitrates [17] 

NOZ = NO¥ + O27. 

The ideally neutral (50 mol$) NaC1-A1Cl3 melt can be 
viewed as molten sodium tetrachloroaluminate, NaAlCly, 
DEimarily existing in the form of sodium cations and AlCly 
anions. To a slight extent, there is dissociation: 

ZeALC ee SAN Cia + (Cle. 

The dissociation constant, *witheconcentratrons *in 


molesfraction units;.is 


2 
= X ma AR oe X 
(A1l2C17) ei / AlC1) 


K 


Its numerical value is independent of the concentration 
units used [77]. Boxall, Jones and Osteryoung [9] give a 
vet some val nessatul 5 °C (seer irst COlunmncOl lable t Ll). 9 Lt 
the extent of this dissociation is small and consequently 


Xa4c17 remains constant, a value analogous to the ionic 
4 


products of slightly ionized solvents can be defined as 


follows: 


= X eek oe 
(AID CL sect 


or 


A 
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[Al9C15] * [C17] 
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Table I 


Apparent Dissociation Constants K and "Ionic Products" 


Kg Equimolar Wact-AICl, Melt at i75°c 


Kes 108 pKa (Ke in mol? /kg7) Reference and Authors 
IG asta 5.24840.005 [81] Tremillon, Letisse 

BaD 8 5. 269+0:206 [77] -Torsi, Mamantov 

habt [18] Fannin, King, Seegmiller 
EOaG 0/32 5356+0%,0 ) [9] Boxall, Jones, Osteryoung 


The values of K are given in reference [9]. 
AV Gis Sink eta yes PKcg value is given by Trémillon and Letisse [81], 


the other two are calculated from the K value. 
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on the molality scale used in [81]. Its numerical value was 


determined. at,17/5°C.bysTrémillon,- and .Letisse [82]: 
Ke = (3.440.4) x 1076 mol?/kg?. 


Numerical values of PKkeeadralsg K, are listed in the second 
Seolunngotacebles . 

This dissociation of the tetrachloroaluminate anion 
is a formal analogy of dissociation processes known to occur 
IneVvarious) other solvents..,Contrary, togmost other cases, 
dissociation here generates two anions and no cation. This, 
however, does not rule out the application of Lewis' general 
theory of acids and bases. An electron pair goes hand in 
hand with the Cl” ion and acids and bases in molten sodium 
tetrachloroaluminate are therefore quite properly defined as, 
respectivelweacceptorseand donors, of,Cls,i0ns... This then 
makes pCl = - log Xq1- a correct characteristic of the 
acidity or basicity of any particular chloroaluminate melt. 
The formal analogy with pH in aqueous systems follows 
directly from the definitions of "acid" and "base™ as given 
above. Low pCl indicates a high concentration of chloride 
fOnseandetenereby a basic melt. jin practice, the Lowest pel 
that can be reached will often be that of a saturated 
solncion, of MCl in MAIC1, at the given temperature. 
Trémillon and Letisse [81] found it to be 1.31 * 0.02 at 
175°C with M = Na; on our mole fraction scale that would’be 
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PUmdClUL Cale lt peOreone WLLi=a ld pClL, teerich in 
species that are™=acceptors ot electron pairs. *=From the 
point of view of formal composition we speak about A1C13~- 
Picnic toy al ciougmatnesacctlal actdlc species, im tne Lewis 
sense, is the heptachlorodialuminate (III) anion, AljCl.. 
Even systems with substantially more than 50 mol% AlCl, as 
far as their formal composition is concerned, can be success- 
ful iy described In@Cerms Of pel, althotign this may be found 
less practical when the concentration of the Lewis acid 
Al,Cll approaches that of its conjugate base Alcl, because 
here one enters a "buffer" region of nearly constant pCl. 
This was duly recognized by Leroy in his thesis, as quoted 
in [50] and [81]. A quantitative treatment of the buffer 
system, however, proves to be complicated, because several 
aluminum-containing species are present, aS pointed out by 
Mamantov and co-workers [77,79]. The following actual con- 
centrations of various species can be read from a graph in 


the paper by Fannin, King and Seegmiller [18]: 


Species Approximate Composition 

63 mol% A1C13 GJemols sALCL, 
ray One De2 
*ALC1o 2 je 
Bac, 0.04 0.12 
Xc17 De thet 1078 


*alC1 (monomer) ema Fel Ome 
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Boxall, Jones and Osteryoung [9] improved this set 
of data achieving better agreement with the experimentally 
determined electomotive forces of concentration cells by 
introducing an activity coefficient (#1) for AlCl,. 

As we progress from equimolar MC1:A1C1, or MAIC1, 
melts towards A1C14-rich ones, it is no longer justified to 
regard the tetrachloroaluminate ion as the main solvent 
particle, virtually neutral in the acid-base sense, with only 
a formal role of the conjugate base to Al,Cl.. In a melt 
with more than 50 mol3 A1C13, the tetrachloroaluminate ion 
acquires a distinctly basic character, being able to donate 
chloride ions to any suitable acceptor. The equilibium [9] 

2 Alcl, = Al,clo ae (Gl 

base acid 
is )stil) eva) ude. beRougnh pm A1C13-rich melts it does not 
correspond any more to the "pure solvent" dissociation 
duecussedabyvwe [semi blonvandabLetissesiGbLie. gAccorcdindgato 
Boxall, Jones and Osteryoung [9], two other equilibria must 
be taken into consideration if the presence of A1,Cl¢ and 
A1C13 (monomer) inwthe, melt #.s).to, be accounted, fon. ~The 
authors chose 

2eAIG] y= AL Gl. yand AlC1, + AlCl, = AljClz. 
Small amounts of A1l3Clig are also present in A1C13-rich 
chloroaluminate melts at equilibrium, but within the range 


of melt compositions mentioned in this thesis, they are not 


important in determining the position of chemical equilibria 
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el 
[9]. 

Insspiteiofpthiss.complexityrofs the solvent system, 
changes in the concentration of chloride ions, following 
additions of acidic or basic compounds, are uniform and very 
small in melts with approximately 55 mol% or more AlCl 3. So 
are the changes in observed equilibrium potentials of 
aluminum electrodes in these melts [9,18,19], which are 
related to the activity of chloride ions through the Nernst 
equation. Osteryoung and co-workers [9] mention as an 
example that after an addition of 100 mg AlCl3 per gram of a 
NaCl:2 ALCIs melt, the potential of an aluminum electrode in 
this melt would only increase by 25 mV. This finding is 
especially important when mutual comparisons of data obtained 
in slightly different melt compositions are attempted. 

The tendency of AulG serach melts, such as the 
RGle-NaGl-ALelsS wernarya eutectic, jtoymaintain) a constant Cl™~ 
concentration also is of prime importance when the hydrogen 
redox system is studied: in equimolar melts Trémillon and 
Letisse [46] found that the oxidized form of the H(I)/H»9 
couple was HCl, which would generate chloride ions upon 
reduction: 

HCl ele etel /2edinath Clin 
With theemedt buffer system acting as a trap for chloride 
ions one might expect the reduction of HCl to be favored 
thermodynamically by acidic (high-pCl) melts. On the other 


hand, the scarcity of chloride ions might provoke some 
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ily: 
dissociation of HCl and give some stability to free (i.e in 
some way solvated) hydrogen ions. This might lead to effects 
which did not exist or were not significant in the equimolar 


NaC1:A1Cl, melt studied by Trémillon and Letisse [46,81]. 
Gre MELT CONTAMINATION AND PURIFICATION 


According to Boston [8] there are three main types of 
impurities that are likely to be present in a chloroaluminate 
melt. These are: 

1. heavy metal compounds 
2.) =Organie impurities 
See =DLOUNCCSVOLemelt=nVdrolysis. 

Heavy metal compounds (mostly those of iron), cause 
no difficulties. They are usually eliminated from commercial 
aluminum chloride during its sublimation in the presence of 
finerysd1y1deqealuminum= metal [1987 35). small residual 
amounts of heavy metals are easily precipitated from the 
melt itself by metallic aluminum. Voltammetric checks, 
reported in this thesis, confirm the successful elimination 
of iron compounds. Once a purified melt is prepared and 
Placed- in an inert (typically glass) container inside a dry 
bexye theresiselatele™ probability? of any re-contamination by 
heavy metals. 

Organic impurities pose much more serious problems 
[8]. They can be present in commercial reagents or they can 


penetrate into the melt during various operations, e.g., by 
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BaciecLitusion strom o1lgpunps. gsAluminum chicride and all 
"acidic" chloroaluminate melts react with a number of 
6rcante compounds [13] ,,usually with the formation of -a 
carbonium cation and a tetrahaloaluminate anion: 

BCH Gl al cla (Bch AlCl] Ale) 
Bailey and Prest [3] used NaClTAIlCl, molten mixtures to 
catalyze halogen exchange or elimination reactions, the 
mechanism of which involves carbonium ions. A reaction 
between.an organic halide and an "“acidic™ melt is basically 
a donation of the electron-rich chloride ion: it is an acid- 
base reaction in the Lewis sense. It is favored by the 
presence of strong electron-pair acceptors in A1C1l3-rich 
melts and is therefore difficult to prevent. 

The products of reactions between organic compounds 
and the melt are generally very stable [22,38] and chemical 
methods have proved "Surprisingly ineffective" [8] in 
attempts to remove them from the melt. Trémillon and 
Letisse [46] were able to get and maintain a water-clear 
(and therefore presumably free from organics) equimolar 
NaCl:A1Cl3 melt merely by contact with metallic aluminum. 

For AlCl acrichex melts Torsi and Mamantov [77] specify 
digesting of the melt with pieces of aluminum wire in a 

Sea ledwouar tz, tiube.at 300°C «for several dave... dnvanothner 
paper [78], the same authors preferred to circumvent the 
HinosMevte.” juni fication step bygusing pure aluminum chloride 


synthesized from aluminum and hydrogen chloride according 
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to Bjerrum, Boston and Smith [5]. 

The need ror erimination of Organic rmpurities from 
the®melt™- was probably first felt by authors” who studied ‘the 
optical properties of eveed chloroaluminates. Munday and 
Corbett [59] as well as Morrey [56] explained the brown 
SOlLOratiOnrOLemost AlC1,-containing melts by the presence of 
organic compounds. This seems to be generally accepted [8] 
although occasionally other reasons for the coloration are 
Givens 2. |. 

Workers dealing with the electrochemical properties 
of the molten system were less concerned about the color of 
their melts; they usually reported it [50], sometimes 
Stating that it did not interfere with measurements. [In fact 
it is quite possible that the organic compounds present in 
the melt do not interfere directly with electrochemical 
reactions. Still, some reactions of carbonium ions mentioned 
Teo ie eke 


a 2 + 
CH3CH CH> > CH 3CH=CH9 cue 


2 
could bring into the melt significant amounts of hydrogen 
PONS that are both Nighly acidic and highly oxidizing. 

The most commonly encountered impurities in chloro- 
aluminate melts are products of hydrolysis. “Anhydrous AlC13 
as well as fused chloroaluminates react vigorously with 
water and traces of moisture are sufficient to produce 


contamination. A formal equation 


AlCl, + H20 = 2 HCl + Al0cl, 
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shows the vimportant features of such hydrolysis, even if it 
does not correspond exactly to the real process. Two kinds 
of products are formed: a hydrogen compound, which is HCl 
in equimolar MC1:A1C1l3 melts [46] and probably also in more 
acidic’ (higher pCl) melts, although this has yet to be 
proved. Next, a compound with an aluminum-oxygen bond is 
£ormed ;Spossibly more complex than AlOCL. ! "Tremillon®and 
Letisse [46] assume that it is A1,0Cl., with a structure 


analogous *tosthat of \Al Cle. The high Al - O bond energy 


2 
provides a thermodynamic driving force for the reaction. 
Grothe and Piel [29] working in a chloroaluminate 
melt at 600°C observed a precipitation of aluminum oxide, 
which they believe resulted from the thermal decomposition 
of aluminum oxychloride. One may conclude from their 
findings that at lower temperatures the oxychloride would be 
fairly soluble, although possibly unstable thermodynamically. 
Tremillon and Letisse found that it is "neutral" in the 
acid-base sense (i.e., about as basic as ALGIY and distinctly 
more so than AljClo). Oxygen-containing compounds are not 
eliminated by the various methods of melt purification 
(exeeptepossiply by%electrolysisvin*some™cases) <= eThey*are 
not reported to have any direct adverse affect on electro- 
chemical processes in the melt. Verdieck and Yntema [82] 
quote Marshall's thesis [48] stating that 1 mol% of dissolved 
oxygen-containing compounds does not alter the deposition 


potentials tofametals in*tthesternary eutectic KE1a-UNaCl= 
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Alcl, melt. 

Hydrogen .compounds, 4inycontrast .to,oxides «and 
oxychlorides, do influence most chemical reactions in fused 
chloroaluminates. They are strong oxidizing ,agents.-,The 
Standard electrode potential of the H(I)/Hp couple has 
been determined in this thesis for a 64 mol% A1Cl3 melt at 
2mm see ntablesl lL) aelt has (been knownietvomethe wwork rot 
VOCemMams hoc, 23) BeOsbeshigherethan most of sthesstandanud 
ane eae One GL)-/M(O)acouples ,ancludingsthose of asi liver 
and mercury. 

The high oxidizing power of hydrogen compounds made 
authors working in the field stress the importance of 
removing hydrolysis products from the melts. There is one 
notable exception: Howie and Macmillan [37] favor about 
QAUTAMWC ao LO a2emO LedelC lain ethermelteiniorder to obtain 
smoother cathodic aluminum deposits. Various purification 
procedures have been described, but no direct quantitative 
determination of hydrogen compounds has been attempted. 

Most authors seem to believe that they have eliminated 
hydrogen compounds "completely" and they support this with 
some indirect evidence. Corrosion studies, however, tend to 
ContradiGbathnis wasawill besexplained win thegnext ssection.: 

Two general methods have been used to eliminate from 
chloroaluminate melts the products of thein hydrolysis: 
reduction (by active metals or by electrolysis) and bubbling 


of an inert gas to eliminate HCl. Reduction by aluminum is 
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17 
the most widely used and has been used in the work reported 
in this thesis; stronger reducing agents such as sodium 
would be consumed in displacing aluminum from the melt. 

When Howie and Macmillan [36] found it necessary at one 
stage to use sodium, the reasons might have been kinetic; 

Por instance, ‘as* they Nad iron’ in the system; «the aluminum 
Supvaces could get blocked" by "ane 1ron=riim  asteo=in FN Op ee 
rich melts at lower temperatures, the aluminum surface might 
also jgeteolocked by solid aluminum chloride [s5). SAsearvrule, 
however, the reduction by finely divided as well as by 
compact aluminum metal (usually wire) would work [2,82,84]. 

The use of nitrogen bubbling in A1C13-rich melts is, 
GimCoUrse ei VenyelinLtcomUuce tO" then Vola titi © OfmALCI 7 cit 
cannot be carried out without causing uncontrolled changes 
an ‘the melt’ composition by” loss® of A1C13. 

verdieck and Yntema [82,83] immersed an aluminum 
spiral in the melt for 4-6 hours and then electrolyzed with 
a graphite anode and a platinum cathode at a voltage less 
than 2 V until aluminum started to deposit on the cathode: 
this was interpreted as a sign of complete removal of 
hydrogen compounds. 

Wade, Twellmeyer and Yntema [84] eliminated hydrogen 
compounds by electrolysis between platinum electrodes; with 
an impressed voltage of 1 V only hydrogen compounds were 
2 


reduced (a current of 15-20 mA was recorded at an 8cm 


auxiliary cathode, indicating a current density of 
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2 - 2.5 mA/cm2); when the current density dropped to 0.5 - 
0.6 mA/cm2, a marked rise of the potential was’ observed, and 
this was taken as an indication of a hydrogen-free melt. 

Anders and Plambeck [2] used an aluminum spiral left 
inmaccptect pwith»theypmelteforyone hours i sHamestand-Plambeck 
[22)|purwited 2.7 t istered KEVe acl -AlClaseutectica by elecero- 
lyzing for several hours with platinum electrodes of 2 cm2 
in area and an imposed voltage of 2V. They observed a 
current density decrease from 0.05 to 0.01 mA/cm2 during 
this electrolysis. 

Martin ide Fremont jand co-workers) [50]ein* their! studies 
with the dropping mercury electrode found that hydrogen 
compounds oxidize mercury; this effect disappears after the 
melt has been in contact with an aluminum spiral for 2-3 
hours 15 Bubbiaing ofgnitrogenmwasenotifound satisfactory, 
because when an aluminum spiral was immersed into the melt 
after two hours of bubbling, gas bubbles, presumably 
hydrogen, could still be seen forming at the aluminum 
surface. The authors quote the thesis of M. Leroy, stating 
explicit haithawehydrogen tioms fanetaormed Swithintthesmeie 
from traces of humidity. 

A purification procedure for the tetrachloroaluminate 
(nOicniols AlCl jarmeltmisiideseribed by Trémillon and Letisse 
(AterOlle. kelnitspitte: of sthephigher atemperaturenused {2752C) 
their system was eee rie lessevolatitecthan AlLG@,-rich 


melts. This enables the authors to use bubbling of dry 


tongup ts bie evi: wort Sno sot alam sit sO de 
~onsoele Yl sissetus 9 fMa-aDet- tbc bowJlti s baltiome ERIN 
Spid.S Ay decoweels mumitely dain 2atwt Iprover soi pakeyf * 
5 beyessdo val? (7/5 Jo cbs iev Heacgm: np Bns | 
Qrbawt Smolen WOL0 of 20.0 woz? etestosh wiieneb seme 
einvtortoele eke 
zethite ated? at oe) atoaicGweos bas times) 6) oijceeM a 
neporbys gees Anerod abouscels yriowe: paiqueab ome dale 
ety +e@s enssqqeeth aoelis 2ity aytmiel ssi dito abamogmoo « 
€-$ 293 fetiqe mentiavls os dtfw tostaoo nip ased ead fhe 
aWxodnateid sn Bieot Yon. enw repoisin Fo pallid -exyod | 
thom edd) o2 nt baexsimnct vey [scian nuctmils as aedw sensoed 
gidmmesiy yenivdud 229-,enildiyd io. esyom owe bahar 


eunsinots of) 26 prisit assa od Lidwte bigon _coperbyd 

eonizete ,yoted . io sions ad? stoup oxonjus of? — conte 
tiem 2d@ gitttiw Syirtet iA ecoi repoubyl suds yidbokiggg 
.\J iobeart to 2eusad moat! § 

Ssianinuleoraitionsyie! sds ip? stvbsciove amigestiinwe A . 

@eeidel bas aolliasx? yt Sodixoesb 2). sfom (- Oba ’hom 08) - 
(D*A0L), bsed exudiregesd xetpir art io stice AE - (£8,987 
@obt=_10IA fiscd olitstov aay! Yldershiono» enw geseye aed: 
; ab Yo paliddad: ee oF ouerisur ont Estdqne adie 


19 
inert gas in order to remove volatile hydrogen compounds. 
In their study of the H(I)/Hy redox couple [46] they found 
a linear relationship between the potential of a hydrogen 
electrode tandethespClavalucsof a given melt, which would be 
predicted by applying the Nernst equation to the reaction 

HCl. trey sndy2 jaye) on (ony 
while a simple reduction of hydrogen ions to Hy would 
produce no dependence on the concentration of chloride ions. 
From this they concluded that no free hydrogen ions are 
PEesenrecncytnatethe only oxidized’ formiof ‘hydrogensin the 
melt is HCl. This is equivalent to saying that the solvent 
exerts a levelling effect and converts Hie to, HCl). Bubbling 
of dry nitrogen for 3 hours reduced the depolarizing current 
density for-HCl- on a 1 mm rotating platinum microelectrode 
to 0.15 mA/cm?. Bubbling combined with an addition of 
aluminum powder as a reducing agent caused a further decrease 
in current density to 0.02 mA/cm?. 

Groshey {27]. found thessolubility of HCl in NaAlCcla 
to be 8.5x1076 mol/cm3, ius, 5x1073 mo./kgeores0.d molt, .at 
Le0eCenithis, accondingmtomhis: datayeise50—100etimesehigher 
then themsolubilityewoft:chlorine.orgnoble gases inp thisemelt. 
The heat of dissolution is estimated as 6-17 kcal/mol. The 
reaction between aluminum and HCl is of first order with 
respect to HCl and its apparent activation energy is 1l 
kcalvmoleAls Unfoxtunatelyeit 1s notequitescleargirom 


Groshev's description, whether solubility at an HCl partial 
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Pressuresotal atm. swaSshinesact.determined,s 

Howie and Macmillan [37] recommend making use of the 
reaction between hydrogen chloride and aluminum in the melt, 
which in their work was a near-eutectic Nacl-aAlcl, melt, to 
obtain smoother cathodic deposits of aluminum and eliminate 
dendrites. They made no direct HCl determination and they 
estamatena concentrations of.,0.07 iwe«teHGhea(0e2 mold),itoabe 
optimal. 

eal authors did.consideryit dafficultsor impos- 
Sible to eliminate products of hydrolysis from molten 
chloroaluminate system. They would, therefore, try to 
circumvent the "in-melt" purification step--either by an 
especially careful sublimation of aluminum chloride, as 
described for instance by Howie and Macmillan [36], or by an 
in-situ synthesis of aluminum chloride as described by 
Bjerrum, Boston and Smith [5]. This last approach has been 
adopted in some papers by Mamantov and co-workers [78]. It 
is worth noting that Bjerrum, Boston and Smith [5], as well 
as Groshev [27] favor the use of hydrogen chloride rather 
than chlorine in the aluminum cloride synthesis. Contamina- 
tion by HCl is not regarded as a problem (as opposed to 
contamination by water!). 

The difference in (standard electrode) potentials 
between hydrogen and aluminum being of the order of 1 V, one 
might expect a fast reduction of hydrogen ions, or dissolved 


HCl, by metallic aluminum; nevertheless, for reasons which 
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are not clear and may be connected with other melt con- 
taminants (for instance organics), this does not occur, as 
far as traces of hydrogen compounds are concerned. When 
studying the properties of aluminum as a reducing agent in 
molten chlorides, Kogan and Rabovskii [43] found that freshly 
deposited metallic iron could block the aluminum surface 
preventing further reduction of iron compounds dissolved in 
the melt; such an effect, however, cannot be expected in the 
case of hydrogen. Also, when assessing the reducing power 
of metallic aluminum, it should be noted that in the presence 
of heavy metals the reduction by aluminum may be more 
complex: Kogan and Rabovskii [43] have, by X-ray diffrac- 
tion, ascertained the presence of FeAl and Fe3Al, im don 
deposits on aluminum. Chovnyk and Polyantseva [12] report 
some fevidence*ior ethe electrodepositionvof CoAbrandc€ojAlc 
from KBr-AlBr3 melts. 

Chloroaluminate melts are often studied at tempera- 
tures well above the eutectic melting point, but still below 
the melting points of the components. (Aluminum trichloride 
meltswat tabout 890° CM(39}i; the KCh=NaCh eutectic hat s6ab°¢ 
[51,63].) Under these conditions protracted electrolysis 
with an aluminum electrode can bring about a particular type 
of passivation phenomena, described by Holleck and Giner 
[35]: the composition of the melt in the vicinity of the 
electrode can be altered so much that the liquid range of 


the melt is exceeded, and solid deposits of either alkali 
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chloride or A1C13 then cover and block the electrode surface. 
De CORROSION IN MOLTEN CHLORIDES 


COFrosion.~o£ mega invehloridée melts¥@some of them 
containing aluminum trichloride, was studied by Russian 
workers? {[28,40,41,73]°and® found toc depend largely on the 
presence of hydrogen-containing compounds, presumably mainly 
HCl. While most authors commenting on melt purity seem to 
believe that they have eliminated hydrogen compounds 
"completely" and support this by some indirect evidence, 
most corrosion studies [40,41] report a "substantial decrease" 
in metal corrosion rather than its complete elimination. 
Kochergin, Garpinenko and co-workers [41] working at 700°C 
in binary eutectic mixtures of chlorides of group 1 A and 
2 A metals, were able to "almost eliminate" corrosion by 
adding magnesium or zinc metals and then restore the 
original corrosion behavior by saturating the melt with HCl 
gas. Kochergin and Stolyarova [42] speak about the "ability 
Crucusede sal tse towaddh HOM. s*. Workingr ineNaCl-KClpandeLacleKCcl 
systems they found that H* could not be removed by simply 
increasing the temperature; it was "almost completely" 
removed by metallic magnesium at 450°C under reduced 
pressure (Home mmHg) . 

Groshev, who has studied extensively the reaction 
between aluminum metal and hydrogen chloride in fused salts 


[25-27] dealt with the corrosion of iron in fused 
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chloroaluminates in his thesis [28]. Kogan and Rabovskii 
[43] quote him giving a rate of corrosion for iron in an 
unspecified NaCl-AlCl, melt at 200°C as 3.27 g/m2h; this in 
presence offmetallic aluminum decreases to 0.08 g/mh. 

Kogan and Rabovskii themselves [43] believe that the 
COLrrosiOn@oOLwiron causesma periodic loosening CLeLeon  f£uLms 
from an aluminum surface which occurs in melts containing 
A1lCl3. They also state that chloroaluminate melts are more 
corrosive than molten sodium chloride would be in comparable 
conditions. 

Pankeandesoolanki™ [(20]" report’ strong corrosion of 
iron in fused chloroaluminates, but at the same time they 
consider nickel to be rather immune to corrosion. This may 
be explained by the fact that they used a nickel crucible as 
a cathode for the deposition of aluminum; it has been 
repeatedly observed here that iron, cobalt and nickel 
electrodes, on which more cathodic potentials had been 
impressed, revert only slowly, sometimes during several 
hourene to, e1thermtheir equilibrium or. corrosion potentials. 

Although Corrosion in A1C13-containing melts has 
been reported and even measured [28,73], it should be kept 
in mind that spontaneous dissolution of metals like iron, 
cobalt and nickel in pure dry chloroaluminate melts is not 
favored thermodynamically. This can be seen from the values 
of ‘standard electrode potentials [64]. Iron, the least 


"noble" of the three metals, has a standard potential 
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approximately +0.6 V against the aluminum electrode (see 
Table II). All corrosion must therefore be related to the 
presence of some oxidizing species in the melt; even the 
residual corrosion in the presence of aluminum metal: should 
be viewed as resulting from incomplete purification. 

Corrosion by hydrogen compounds, on the other hand, 
is perfectly predictable from standard potential data, as 
pointed outtbyaMartini déesFremontset al.+1[50) .,eThesenauthors 
actually proved that metallic mercury was oxidized to the 
monovalent state by products of melt hydrolysis. The 
assumption that corrosion is caused by HCl is compatible with 
most of the published work, including reports about partial 
Suppressing of corrosion by methods used to purify the melt 
[28,46,50]. The use of nitrogen bubbling, even if its 
success was only partial [46,50], points to the fact that 
volatile hydrogen-containing impurities, mainly HCl, are the 
ones to be eliminated. Studies of mixed chloride-fluoride 
melts by Kochergin and Davydova [40] showed, however, some 
corrosion of iron due to non-volatile compounds, probably 


hydroxides, that could not be removed by vacuum treatment. 
E. MONOVALENT ALUMINUM COMPOUNDS IN THE MELT 


Recent work by Delimarskii et al. [16] and 
Storozhenko [74] has dealt with the presence of monovalent 
aluminum compounds in chloroaluminate melts. While compounds 


of Al (I) are usually not stable at lower temperatures and 
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25 
undergo disproportionation, it would not be surprising to 
see them stabilized to some extent in "acidic" chloro- 
aluminate melts, which are known to stabilize lower valences 
of metals generally. Referring to the earlier discussion of 
the Lewis-acid character of aluminum trichloride and the 
scarcity, of chloride ions (electron donors or Lewis bases) 
an A1C1l3-rich chloroaluminate melts, there is no reason to 
believe that the stabilizing effect of these melts on low- 
valence compounds would be limited to transition metals. In 
fact the results of Anders and Plambeck [2] concerning the 
Stability of monovalent gallium compounds in the KCl-NaCl- 
A1C13 eutectic would quite logically point towards the 
existence of non-negligible equilibrium amounts of monovalent 
aluminum compounds in the same melt. Some chemical evidence 
for the presence of a reducing aluminum compound in the melt 
has been found by Anders [1] and by Midorikawa [55] and 
Notoya [60], who observed metal transport and recrystalliza- 
EitonsgOtealuminum Ln ~NaCl-AlClasmelts ; 

It seems more difficult to accept the quantitative 
conclusions of Storozhenko [74], who gives the fraction of 
aluminum present in the monovalent state at equilibrium as 
approximately 5 mol%. His results are based on deétermina- 
tions of chemical solubility of aluminum metal in various 
NaCl-Alcl, melts; such determinations would be radically 
affected by the presence of traces of oxidizing impurities 


or by the existence of chemical transport caused by a local 
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26 
temperature gradient. Thonstad [75] investigated the 
soluo. lity ‘of aluminum in Al,Br¢ and AlojI¢ and came to 
the**conelusion hat “Al (0)? existed Wn "*soltition rather than 
Al(I). It is probably wise to consider Storozhenko's values 
oniyfasrupper limits’ of aluminum solubility or of the mole 
fraction of monovalent aluminum in the melts concerned. 

Literature data are scarce concerning the interaction 
of hydrogen compounds and Al(I) compounds in chloroaluminate 
melts. Delimarskii and co-workers [16] observed the forma- 
tion of gas bubbles on an aluminum anode, when the chloride- 
based electrolyte contained some moisture. Belyaev and 
Firsanova [4] state that monovalent aluminum reacts with 
water, 


2 H90 + Alt+ = al3+ +H, + 2 On. 


2 
In general, it is to be expected that the presence of 
hydrogen compounds would lower the concentration of mono- 
valent aluminum. It would therefore also prevent chemical 
precipitation of aluminum metal by disproportionation of 
AIM) “Compounds and this*could™=account™ for the smoother 


electrochemical aluminum deposits found by Howie and 


Macmillan [37] in the presence of hydrogen ions. 
F. ELECTRODE POTENTIALS 


In 1940 Plotnikov, Kirichenko and Fortunatov [65] 
established an electrochemical series of metals in an 


equimolar sodium chloride-aluminum chloride bath at 400-600°C. 
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27 
This was followed by a series of quantitative studies by 
Yntema and his students [49,82-84,86] involving more than 
twenty metals. Most of their data were later confirmed by 
Martin de Fremont et al. [50] and by Plambeck and co-workers 
PRR2 3 PS 2 |-2 

Yntema's method consisted in determining the 
potentials of electrodes during the process of metal 
deposition on their surface. These potentials were measured 
at various current densities in a three-electrode arrange- 
ment which prevented polarization of the reference electrode 
and were extrapolated to zero current. Yntema and co-workers 
were using 1 mol% solutions of metal ions in the KCl1-NaCl- 
A1C13 eutectic melt and their data were taken by subsequent 
authors [50,64] as estimates of equilibrium electrode 
potentials at that concentration and temperature, temperature 
being 156°C in most of Yntema's measurements. Yntema was 
using platinum electrodes, but these certainly became covered 
by a surface layer of the deposited metal during the initial 
stage of each run.’ His current-potential curves intersect 
the potential axes (i = 0) at values equal to the 
equilibrium potentials of the reaction 
| mad + ne = M(standard state of pure element). 

Approximate values of standard potentials can then be 
calculated from these estimated equilibrium values using the 
Nernst equation, as was done by Plambeck [64]. 


Martin de Fremont and co-workers [50], also working 
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in the ternary eutectic melt, used polarography with a 
dropping mercury electrode and determined half-wave 
potentials for the reduction of metal ions. Hames and 
Plambeck [32] were the first to attempt direct potential 
measurements, using metal electrodes in equilibrium with 
melts containing known amounts of metal ions. Their values 
were in very good agreement with those of Yntema in the cases 


of zinc, mercury and silver. The case of cadmium proved to 


2+ 


be more complex, due to an equilibrium between ca2* and Cd, 


in the melt. The standard potential values for ca?*t/cd° 
reported in [32], as well as those from direct potential 
measurements in [31] are significantly lower than those of 
Yntema. 

Anders and Plambeck [2], in extending the direct 
potential measurements to metals of groups I b and [III b, 
usually either confirmed Yntema's values or could well 
explain the discrepancies, such as the case of gallium, 
where stable univalent gallium was not known to exist in 
1940. [1]. .Some irregularities pointing to. the,.formation of 
polyatomic ions were observed in the case of silver. Such 
polyatomic ions are well known, for instance bismuth forms 
them in chloroaluminate melts [5-7,14,78] and so does 
mercury ,[76) « 

In this thesis an attempt was made to apply the 
direct potential measurement method to the first triad of 


group VIII transition metals: iron, cobalt and Dickow 


Asiw nasadetthes ak esbovséefs Is32m sieli eo RSeTMEBSM 


eoulev tisi? .enot Isdem io sdéndoms mond paintednce etiom” | 


2een ot mi stietrY to saodd diiv dootectos boop, yxev ah saew 
od ‘havorg myindsd 20 Sen on? -tavile bain (iuevem <onts 20) 
“$60 Gms **ip. nsowy sei miieil rope as /od) Seb yxelduoo s720m ae 


69\°%59 10% esefevr Islsnszod ‘ftabaste saT .diem efi? gi 


feisteasgoq Jdostib morti.seods a5 Liow 26 . {35 2& Bedsegex 
to 92otd nett sa\rol yicasortinpie size (ff) ni-e2neserteeges 
-Baetay 

Jnarsh sila pribaszxe ai ,{S} Asadasit boas erehnaA 
yd. 2tr bas d I agtroza 20 elssem of asnemexdesom Laidnedog 
ffsw hivoo zo asylev 2’ smetnyY Ssaiiiaes. zefitie yilavag 
wwifisp ico sso sid es nove ,tefotsqezoath afl? oislons 
ni Jebxs 03 word ton eaw mritisp josisvinu oldasa sxede 
20 noldnmrot pis oF anidniog ssijizalugszzé amee@ .. (1), One£ 
dove .asvite to s260 sd} mi Sarxsaco Stew enol oimossylog 
emzo2 irjumaid s9nsseni tot \.nwons [low s%s Bact oamo3syLog 


es0b o¢ Gas (8¥,85,'-2] ation sdenintisewoldo nt mons 


fav] yawomen 
oft yiags of sbsm.25v synods op elaantY 2tds nt - 
to beity 32262 913 02 bortem tnometuesom Isitnetog tuetlb 


rigdtota bas tisdeo, ,a01i :zlesem notdienass Itty quorp 


- 


29 
Quantitative data about the electrochemical behavior of these 
metals in chloroaluminate melts are rather scarce. The only 
published material on electrode potentials comes from the 
teams of Yntema [82,83] and Martin de Fremont [50]. Both 
groups of authors agree as far as nickel is concerned. The 
polarographic wave of nickel is well developed [50] and has 
some characteristics of a fast electrochemical system. On 
the other hand, the polarographic reduction of iron and 
cobalt occurred at potentials that were some 0.2 V more 
negative (cathodic) than expected from [82] and the waves 
were much more poorly defined than in the case of nickel. 
While both sets of data have essentially been obtained from 
measurements of reduction processes of iron and cobalt ions, 
those of Yntema [82] should be preferred for two reasons: 

1. The metal deposition in [82] took place mostly on 
surfaces already covered with the metal studied; it is more 
credible to take the activity of such a layer as equal to one 
than it is in the case of [50], where a mercury drop was 
involved? themsolubilities of®iron®and*cobalt ineméercury .are 
very small, less than 10723 [33]. Under these conditions, 
the activities of iron and cobalt become somewhat uncertain. 
In the case of nickel, there exists a compound NiHgy, stable 
bellows 300 ?C#[ 33). 

2. Yntema's set of potential values for iron, cobalt and 
nickel fits better with values in other chloride melts, where 


cobalt and nickel always exhibit a rather similar behavior 
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30 
(see data in [64]). 

Although the experiments of Verdieck and Yntema [82] 
were not repeated here, estimates of deposition potentials 
were made from voltammetric data (Table VII); these fit well 
withthe sresults+in [82]. -Possible implications of this 
will be discussed later. 

Verdieck and Yntema [82,83] determined the deposition 
potential of hydrogen in the KC1-NaC1i-A1Cl, eutectic at 
150°C. Theiremeltshad ayformaleconcentzuation cis] fmols age 
Some compensation of errors might have occurred: hydrogen 
ions were added as A1C13.6 H5O and considerable evolution of 
HCl gas was observed, but the amount of hydrated salt used, 
Was4 gronms03107 H equivalents jin 7:3 gtor OJzemoles; ofemelt, 
was nearly one order of magnitude above the theoretically 
required quantity. A value of 1.05 V was proposed for the 
deposition potential of hydrogen, implying fairly strong 
oxidizing properties of the hydrogen ion. 

Wade, Twellmeyer and Yntema [84] give a value closer 
to 1.15 V. In their experiments no water was added, but 
anhydrous hydrogen chloride was passed over the melt, which 
Was bs tiered ato valiLow dissolution «of etheigas)y Their jdata 
seem less reliable because they used a platinum reference 
electrode, which is sensitive to changes in the concentration 
of hydrogen compounds. Wehrmann and Yntema [86] report a 
deposition potential of 1.05 V for hydrogen in the analogous 


bromide melt (66 mol% AlBr3, 20nmoLs Nabo, L4 MolLsaner). 
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3a 
Martin de Fremont et al. [50] confirm the oxidizing 
properties of hydrogen ions in this melt as reported by 
Verdieck and Yntema [82]. They observed the oxidation of 
the mercury dropping electrode in melts which contained 
traces of humidity. Mercury was also oxidized in their 
one 


experiments by Fe this is in agreement with the polaro- 


3+ 2+ 


Graphic reduction of Fe to re reported by Chovnyk and 
Myshalov [11]. 

The results of Trémillon and Letisse [46,81] have 
to be applied with some caution, as they were obtained in an 
equimolar NaC1l:A1Cl1, meleeandsnot. in an) acidic” sone. Their 
reference electrode was aluminum in a saturated solution of 
NaC iene Nantel, ihe potential Off this electrode can, 
however, be related to the usual reference potential(s) of 
aluminum in eutectic or near-eutectic melts through the 
study of concentration cell voltages, done by Fannin, King~ 
and Seegmiller [18,19]. 

Trémillon and Letisse found that hydrogen gas is 
soluble enough in the melt, that current-potential curves of 
the hydrogen system can be recorded. They also found a bare 
platinum electrode functioning satisfactorily as a hydrogen 
electrode. In their experimental work [46,81] hydrogen was 
produced directly in the melt by reducing hydrogen compounds 


with aluminum powder. When anhydrous barium hydroxide was 


added, its hydrogen was reduced by aluminum and the "base" 
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equivalent of the oxide ions introduced could be 


coulometrically titrated. 


a2 


CHAPTER II 


EXPERIMENTAL 


ilees Reagents 


Aluminum chloride, (certified reagent grade, Fisher 
Scientific Co., Ltd.) was purified as described by Anders 
[17] in order to eliminate iron compounds and the bulk 
of hydrolysis products, as follows: About 250 g of aluminum 
Chloride, covered by a 1 cm thick layer of granular 
aluminum metal (reagent grade, 30 mesh, Fisher Scientific 
Co.), were heated in a 40 cm long Pyrex ampoule, 5 cm in 
diameter, isolated from the surrounding atmosphere by a 
mercury pressure relief valve. The upper part of the 
ampoule was cooled by a stream of compressed air. The 
aluminum chloride condensed as a colorless or snow-white 
polycrystalline solid in the part of the ampoule just above 
the granular aluminum layer. A slowing of the sublimation 
process was usually observed after about three hours as the 
diffusion of gaseous aluminum chloride was progressively 
blocked by the mass of crystals growing from the cooler 
ampoule walls towards the center. After four hours the 
sublimation was interrupted with usually about one quarter 
of the original batch remaining at the bottom of the 


ampoule. 
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No attempt was made to increase the yield of this 
sublimation process by raising the temperature, because 
this might increase the volatility of iron chlorides and 
oxygen-containing compounds and bring some of them into 
the pure product. The ampoule was placed inside a glove 
bom triled with dry nitrogen,and broken. All lof the 
sublimed aluminum chloride was used immediately for melt 
preparation, except a surface layer contaminated with 
baked-in aluminum metal; this was separated mechanically 
with a knife and discarded. 

Sodium chloride (AnalaR, BDH Chemicals, England) 
and potassium chloride (reagent grade, McArthur Chemical 
Co., Montreal) were dried at 100°C under vacuum for several 
hours, whenever necessary. In some of the experiments, 
however, this was omitted, because the aluminum chloride 
used was not completely free of its hydrolysis products 
and was by far the greater source of hydrolytic impurities 
in the melt. These can, of course, be readily detected by 
voltammetry [78]. 

The electrode metals were obtained in wire form, 
FDO es min diameter, Of 997992 purity, from A. D. Mackay, 
New York. Aluminum wire, 1.6 mm in diameter, was obtained 
fromun.= He Sargent and’ Co. ‘For *larger auxiliary electrodes 
at which no measurements were made, iron, nickel, zinc and 


aluminum sheet metals of commercial purity were used after 
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35 
cleaning, degreasing and drying. 


Barium chloride dihydrate (assay over 99%, May and 
Baker Ltd., Dagenham, England), was used without further 
purification as a source of known amounts of water. 
Anhydrous barium hydroxide was prepared from BDH AnalaR 
Ba (OH) » Foal: HO (assay 98%) by pumping away the water at 
room temperature for 20 hours and then heating the batch at 
100°C for 24 hours under continued pumping. This procedure 
has been used and recommended by Seward [70]. The purity of 
the product was checked by a titration with standard HCl and 
was found to be 98.8%. 

Ferric oxide was prepared from ferrous ammonium 
42° 6H.0 (which was the purest iron 


compound readily available) by oxidation with nitric acid, 


sulfate Fe (NH,) . (SO 


precipitation by ammonium hydroxide and washing with 


concentrated ammonium chloride followed by distilled water. 


oe Me Le Preparation 


The compact sublimed aluminum chloride was ground 
inside the glove box and transferred into a tightly stoppered 
conical flask; this was then removed from the glove box, 
weighed and quickly returned Poeene box.e) Lhemcalculated 
amounts of sodium chloride and potassium chloride were then 
added to make up the desired melt composition. Virtually 
all the experiments were run in a melt whose composition was 


64 mol% Alcl.,, 22 mol% NaCl and 14 mol% KCl. A few 
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preliminary measurements were done in a melt composed of 
66 mol% AlCl., 20 mol% NaCl and 14 mol% KCl, which had been 
used in previous work in this VADODALOL Va | dees Uae ite 

The mixture of chlorides was melted in a round bottomed 
flask using an electric heater and transferred into the 
thermostated electrochemical cell inside the glove’ box. A 
yellow or light brown coloration of the melt was usually 
noticed, in agreement with previous work [1,50,81], although 
Oncesmsoretwrcestie resulting liquia was colorless, With a 
small amount of black precipitate which could be filtered 
Oni [he cause Of the’ coloration is not Known; it may be 
due to carbon from organic material [56] or dissolved 
Silicon compounds [21]. Hydrogen chloride or chlorine were 
found to produce additional melt darkening [1]. According 
to Boston [8] in the case of hydrogen chloride this might 
be due to acetylenic impurities present in the gas. Some 
authors» suggest [46]> that clearing up of the liquid phase 
and adsorption of the colored material occurs on contact 
with metallic aluminum. This was also observed in the 
present work, but the clearing up took several hours and 
was not complete. The color shade and intensity were 
unrelated to the results of electrochemical measurements in 
these melts. 

Voltammetric tests, in agreement with previously 
published data [31,46,50,78], showed that further purifi- 


cation of melts prepared in this way was necessary, mainly 
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with regard to the presence of electroactive compounds, 


which presumably arise from the reaction of aluminum 


chloride with moisture. This is discussed in detail later 
in this thesis. Immersion of an aluminum spiral into the 
melts Lor three hoursias used by Anders [1], did not eliminate 


these hydrogen compounds completely. Their concentration 
did, however, decrease by about one order of Petcare ante to 
aesteedy—-state value, which Could not be further Lowered 
Cyeconteact with metallicaaluminum. In) view OF this result, 
a tires hour reduction of “the melt by an aluminum spiral 
inside the cell, as well as voltammetric checks on the 
presence of hydrogen compounds as suggested in [78], were 
made a part of the standard melt preparation procedure 
which preceded all measurements. 


it is possible to filter the melt [31,32] , before 


Dednqingglusinto the cell.” In most..of tThésexperimencs 
reported in this thesis, however, filtration was unnecessary, 
because the working as well as the reference electrodes were 
located in separate compartments which the melt entered 


through sealed frits; it was thus filtered, automatically. 


3. Cell 

This was contained within the glove box and is 
identical to that described in detail by Hames [3l]. An 
Ciigjacket contained circulating pareitin oll from a NB-ELE 


thermostat (Colora, West Germany). Temperature was kept 
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at 135 + 1°C unless otherwise specified. Half-cell 
compartments were glass tubes 1.3 or 2.5 cm in diameter 
with fritted bottoms (10 - 20 wu porosity; Ace Glass Inc., 


Vineland) -Nnes.)4% 


4. Apparatus 


Potentials were measured with a 3440A Hewlett- 
Packard digital voltmeter. Coulometric oxidations and 
reductions were performed with a Model IV Coulometric 
Gunrent cource. (h.9H. Sargent and Co.).) Polarizing 
voltages on the working electrode were monitored and 
coulometric currents adjusted in order to remain within 
the potential limits of the melt. 

A modified Sargent Model FS polarograph with a 
Model XV motor was used for voltammetric measurements. 

A Wenking 66 TS-1 potentiostat (G. Bank, West 
Germany) served to obtain stationary current-voltage 
characteristics in a three-electrode arrangement. 

AwBausch and Lomb Spectronic.20esingle—cell) vasible— 
range spectrophotometer was used in the determination of 


Orie 


5. Electrodes 


Aluminum wire was used as a reference electrode. The 
suitability of such an electrode was discussed and 
demonstrated by several authors [32,65,82] and it is now 


generally accepted as the standard reference electrode in 
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39 
chloroaluminate melts [9]. Schulze and Hoff s (69) gave the 


exchange current density of this electrode as 20.6 A/om?; 
this means that the electrode is essentially wiinpolarizable, 
The potential of this electrode in a pure chloroaluminate 
melt is defined as zero. This potential actually depends 
on the mole fraction of aluminum chloride in the melt; from 
the discussion of this problem by Boxall, Jones and 
Osteryoung [9] it can be inferred that a 1 mol% change in 
the formal aluminum trichloride content would correspond to 
a potential difference of 3 - 7 mV in near-eutectic (NaCl: 
2 Alcl1,) melts. 

Electrodes for stationary potential measurements 
(MEOn,scObattc, Nickel, zanc,.and platinum for hydrogen potential 
measurements), which were also used for coulometric generations 
of divalent metal ions, were prepared by winding 0.8 mm metal 
wires into small spirals. The immersed geometric area of 
these electrodes was 2 - 3 cm”. 

For voltammetric measurements a 0.003 cm? platinum 
microelectrode was prepared by sealing a piece of 0.6 mm 
platinum wire into a Pyrex glass tube followed by cutting 
and grinding both metal and glass to a flat area. This 
electrode was repolished with fine emery cloth whenever 
necessary. 

Electrodes used for internal or as auxiliary electrodes 


were typically aluminum, iron or nickel plates, 3 x 4 cm, 
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0.8 - 1 mm thick. 


All electrodes were degreased by chloroform or 
carbon tetrachloride, washed with dilute hydrochloric 


acid and water, and dried before use. 


6. Analytical Methods 


Direct voltammetry with a stationary platinum 
microelectrode has the advantage of being applicable 
virtually at any time during a series of measurements. It 
was not generally relied upon as a method of quantitative 
determination ofsiron, cobalteandenicked Hnytheymelt, due 
to the low precision of voltammetric reductions to insoluble 
materials on solid electrodes. It was, however, used 
successfully to detect the presence of small amounts of 
these metals in the molten systems. Trial voltammograms with 
coulometric gemeration of the respective. metal ions ;showed | 
a limit of detection around 1074 on the mole fraction 
scale (0.01 mol%). Because an anodic stripping procedure 
could easily be used at least semi-quantitatively in this 
system, the limit of detectability for iron, cobalt and 


Sieh, (ef EIEN - 


nickel was in fact a mole fraction of 10. 
In order to get comparable results, these voltammetric 

runs were performed in a uniform way: cathodic polarizing 

sweeps (dE/dt = 100 mV/min.) were carried up to a potential 


200 - 250 mV below the cathodic peak value; there, the 


electrode potential was kept constant for 30 seconds and 
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then anodic stripping started with the same speed. 

The voltammetry of hydrogen compounds is discussed 
in detail elsewhere in this thesis. 

Whenever standard additions of chemicals between 
measurements were necessary, known amounts of solid reagents 
(usually of the order of 100 mg) were placed in small glass 
Vials, whf@ch iitsintova holedind thesTeflon iceldy stopper. 
During such a reagent addition the cell would be opened to 
the dry-box atmosphere for about 1 second, as a glass plug 
was taken out and the reagent-containing vial brought in. 
Water was added in the form of BaCl, Nar HO crystals. 

For further analysis outside the glove) box, the 
whole content of one compartment or a sample of the bulk 
melt was transferred into a clean dry beaker, allowed to 
cool and solidify, taken out of the dry box and weighed 
immediately. It was then dissolved in water; sometimes an 


addition of dilute acid proved necessary to ‘speed up 


dissolution. 
The standard oo, 0 ' "= dipyrmidyle method! was tised for 
the spectrophotometric determination of iron [72]. Only total 


iron was determined, i.e. reduction by hydroxylammonium 
chloride preceded the addition of the color-forming reagent. 
Large amounts of aluminum compounds are known not to ieee 


fere with thie determinatiom [S772 ]-: 
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CHAPTER. Lt 
RESULTS AND DISCUSSION 
A. STANDARD STATES, UNITS AND CONVENTIONS USED 


When values an Geneads electrode potentials are 
reported, some conventions regarding standard states are 
necessary. In agreement with the conventions generally 
used [61] the standard states referred to in this thesis 
are: 

1. all pure elements and compounds in the form 
(modification), which is the most stable at the given 
temperature; 

2. gases at a pressure of 1 atmosphere (neglecting 
the difference between pressure and fugacity); 

3. Species in solution inva hypothetical, state, 
which combines unit concentration on the concentration scale 
used (mole fractions, if not stated otherwise) with 
properties of the species at infinite dilution in the molten 
solvent. 

tte suusecul, [Lletoimmakesan excepri1on eto rules 3eand 
States 

4. species that are constituents of the solvent 
melt or are linked to such constituents by a non-electro- 


chemical equilibrium (e.g. Me are considered to be in 
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their standard state in whatever actual state they occur 
in the pure melt. 

These definitions are compatible with conventions 
used in other melts [64]. 

If standard states are defined in this way, the 
actual potentials of aluminum electrodes in chloroaluminate 
melts automatically become standard potentials; this in 
turn is equivalent to defining the zero of the potential 
scale as the potential of a physical aluminum electrode in 
the pure melt. It is interesting to note that theymelt 
exerts a "redox levelling effect" on the electrode potentials 
of metals that would hypothetically be stronger reducing 
agents than aluminum. In contact with the melt these metals 
get covered by a surface layer of metallic aluminum and 
therefore acquire a zero potential against the aluminum 
reference electrode. Thus negative equilibrium electrode 
potentials are not realizable. All actual equilibrium 
potentials are positive in sign and therefore all increases 
(or decreases) in potential values imply increases (or, 
respectively, decreases) in the potential difference against 
the aluminum reference electrode. A potential that is 
increasing is getting more anodic, more positive and more 


distant from the value for aluminum on the scale of 


potentials. 
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Each chloroaluminate melt, of course, implies a 
different Al(III) / Al(O) potential and therefore also a 
different scale of potentials according to these accepted 
rules. Some empirical correlation among these scales is 
available from recent studies of the voltages of concentra- 
Pipnecel [ssl OF Ve) Lone fli. 

Fannin et al. [18] as well as Boxall, Jones and 
Osteryoung [9] approached the establishing of a true 
thermodynamic link among various chloroaluminate melts by 
studying chemical equilibria between selected aluminum- 
containing species in these melts. They had to use some 
approximations, such as neglecting junction potentials and 
assuming that Na* is the only current carrying species in 


NaCl - AICI1. meits, but that does, not impair.the practical 


3 
validity of their results. In ternary melts as the one used 
in this thesis, Na* is partially replaced by KT; the aluminum- 
containing species, however, remain the same [67] and similar 
electrochemical properties may therefore be expected. 

The use of empirical relationships between data in 
different molten systems has been considered justified as 
long as this is the only way that makes possible some 
comparisons of results obtained in various melts. In this 
thesis, however, such comparisons were never involved in the 
actual presentation of experimental results. 


All reported numerical data resulted from measurements 


actually performed in the near-eutectic ternary melt composed 
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of 64 mol$% Alcl,, 32 molt NaCl and 14 mol KCl, at the 


temperature of 135°C. When,as in the preliminary stage of 
this work, slightly different experimental conditions were 
chosen, the results are reported with an appropriate 
explanatory comment. In other words, no mathematical trans- 
formation of data which would compensate for differences in 
temperature or melt composition has been attempted. 
References to various other chloroaluminate melts 
and other temperatures cannot be avoided, if comparison with 
the results of other authors' measurements is sought. Here 
the question arises, what magnitude of change in electrode 
potentials should be expected to result from small changes in 
either temperature or melt composition. Anders [1] has 
Measured several electrode potentials as functions of 
temperature and he usually found a negative slope (more 
cathodic potentials at higher temperatures) of the order of 
0.5 mv/°C. From the work of Boxall, Jones and Osteryoung 
(Seer Lenougie 1 cawas done at /5°Ceinva Dinaby NaCl = Alcl, 
system, we may accept the conclusion that the potential of 
an aluminum electrode should increase (get more anodic) by 


3 - 7 mV, when the amount of AlCl, brought into the melt 


5) 
increases by 1 mols {in the “eutectic” region, from 64 to 
65 mol% Alcl,). Given the role of temperature as a variable 


in the Nernst equation, the shift might be slightly smaller 
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the order of 5 mV, between potentials of metal electrodes 

in 64 mol% and 66 mol% A1Cl3 melts. This result however, 
should not be over-emphasized, because the melt composition 
may have been affected by a partial evaporation of aluminum 
chloride and because both the metal electrode and the 
aluminum reference electrode may respond to changes in melt 
composition. 

In the reporting of results, aiproper choice of the 
concentration scale is of some importance. Molarity, molality 
and mole fractions have all been used in molten salt work. 

In actual experiments with molten salts, concentrations are 
mostly set on the weight per weight basis; the density of 

the melt must be known, if the molarity scale is to be used 
and the mean molecular weight of the melt must be calculated, 
if concentration is to be given in mole fractions or mole 
per cent. In the case of chloroaluminate melts, where the 
density is often known to only two significant figures, the 
use of the molarity scale might imply a slight loss of 
precision. The other two scales are both perfectly suitable 
for work in chloroaluminate melts; the mole fraction scale 
was chosen in this thesis, because comparisons of the 
properties of different melts seem more meaningful when worked 
out entirely on mole basis and because solution equilibrium 
constants are conveniently obtained as plain numbers when 


this scale is used. 
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In general, it will be assumed in this thesis that 
all activity coefficients are constant; this is certainly 
justified as far as metal and hydrogen ions are concerned 
in view of their low concentration (less than 1 mol%) in all 
actual measurements. The calculated standard potentials 
refer to an extrapolated unreal state anyway and for the 
purpose of calculation it is more convenient to base them 
Snwunee coOncentration=than on unit activity. Boxall? Jones 
and Osteryoung [9] used a variable activity coefficient for 
the Alcl, ions, but at the same time rejected using one for 
the AESCl= species, which is present at about the same 
concentration level. In view of the definition of standard 
states given above, the question of using activity coeffi- 
cients of these anions for the calculation of standard 
potentials does not arise in this thesis. 

According to the IUPAC "Stockholm" sign convention, 
all potentials in this thesis are expressed as numerically 
equa leto the “electromotive force of the *electrode hali- 
reaction, written as a ceduction process [44]. The tolerances 


shown are standard deviations. 


B. METAL ~- METAL ION ELECTRODES 


1. Measurements of Equilibrium Potentials 


Direct measurements of the potentials of metal 


electrodes against the aluminum reference electrode were 
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always made by taking a series of four or more points in one 
and the same batch of melt. Between two successive 
measurements, the concentration of the metal ion in the 
compartment surrounding the metal electrode was increased 
by coulometric oxidation of the metal. Before each measurement 
enough time was allowed for the system to reach equilibrium 
(usually 15 - 25 min.). Potential readings stable for 10 
minutes to + 1 mV were taken as an indication that equilibrium 
has been established. A value of the standard potential was 
calculated from each measurement separately, using the Nernst 
equation. The actual equilibrium potentials were plotted 
against the logarithm of the amount of metal ions generated 
(E190 gl ys) CUCh» Graphs have the same form as» plots) of 
potentials against the logarithm of concentration (classical 
Nernst plots), because logarithms of the two independent 
variables, amount of ions and concentration, differ only by 
an additive constant, as long as the amount of melt in the 
compartment does not change. In our experimental set-up 
this amount of melt was determined after the completion of 
each series of measurements; up to that time it represented 
an unknown constant and thus prevented the use of classical 
Nernst plots as working graphs. 

As can be seen from Figures 1, 2 and 3, the plots 
were linear with the exception of points obtained at 


; -3 
concentrations below approximately X = 10 (the compartments 
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Equilibrium Potentials of the Iron Electrode 


Points indicate observed values of equilibrium 
potentials in two separate experiments; the two 
lines are drawn with the theoretical slope for 


n= 2, which 1s 4026 mV per vlog unit. 


0.8 


0.6 


0.4 


Fe(II) GENERATED,meaq 


O 
Nh 


0.1 
0.5) 


Oe 0.55 0.57 
EAN MEPEONIGe lela Cis O)Dle \y 


50 


iy ere ot) 


ee oe’ quem (ey 


FAs) : PPA oty 
pass a > - : 
a34 BMaAaIaA lAev 4a 


wire | 
os 
— 
) 


: ow? 
Py . 
aif » 7 
12 oP a 
a 


sdo eff Yo alsisneszol myiudifsiupa 


_ 4 
7 ; | / 
_ musadtt tp to esulsy bevisedo ete bpyt asatod 


j 


: ' f 
= on 2) 
j m 2 foittw \$ = m zo? sqole Jtotte1z0ed2 


- ~ : 
' f 


dian pol 72q 


,™oQ- 
- 


, = OA } 
a. | f 
ee f 


a 
. 


‘GENERA! 


erg Adiw nwexb ei enil oAT wpatineteq | 
“ 
: 
; 


7 


an 
1 REFERED 


Tot Re 
JOE ELECTRODE Vv 
iS ok 
ies 


Figure 2 
Equilibrium Potentials of the Cobalt Electrode 


Points indicate observed values of equilibrium 
potentials. The line is drawn with the 
theoretical slope for n = 2, which is 40.6 mv 
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Figure 3 


Equilibrium Potentials of the Nickel Electrode 


Points indicate observed values of equilibrium 


potentials. The line is drawn with the theoretical 


slope for n = 2, which is 40.6 mV per log unit. 
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usually contained about 0.1 mole of melt). Only points 
that fell within the linear part of the E vs. log N graph 
(N is the number of moles of metal ion generated) were used 
in calculating a mean value of the standard potential in 
each series of measurements. Standard potential values 
reported in this thesis (Tables II and III) are average 
results of two. or more such series. 

From the slopes of the linear segments of Nernst 
plots one can calculate the number of electrons, n, involved 
in the electrochemical oxidation. The following values of 


n were found by experiment: 


Couple n 
Fe(ii) / Fe (0) RA 23 10D 
eG f seey (ep) Pe beso ea k 
NigVi ay aN G)) PRAM site (Opal 
Zn(II) / Zn(O) (one Nernst 2.0 

plot only) 


When it became apparent that ferrous metals are 
corroded in contact with the melt as explained in Section 
B3 of this chapter, it was decided to find the true 
concentration of iron (II) compounds in the electrode 
compartment by an independent method and in this way include 
in the measurements any iron compound that may be present 
anesthe melcoas.a result Of Corrosion. [Iron in the molten 


salt phase was then determined spectrophotometrically after 


spéieve oxs (ITI bné IT esldsT) eed? add a Bedzogez. 

-estzee fous 920m 10 owt tov asiueet _ 

danxev' 10 ainempse is9mil a+ to aegole alt mort tae ae 

bevioval yn \anovijnsfe 2o tedmun 92 srsivoiso aap eao.etelq — 
to estlsev earwotien ai! ,doidebixo Isvimedoortosle ond me 
:tnomizeqxe yd bayot stew a 


a skquod. 
$.0 + 0.5 (ost \ (aaet 
Ba 2 I8 (9)02 \ {£I) od 
[0 + £.8 (Oo) kw \ (fT) ee 


0.5 aoe (O)a8 \ (iD)as 
916 elisiom evotres tsil+t dustsaqs srisved 45 asiW 
goitos® nmi betishgxs 26 tlom 4+ dviw sosdado ai feSo2109 
suit sii baii oF Bbobiosab eaw Jf ,tedqado aids to ca 
sboirjosis sft ai ebruoqmoo (1) moxi to noidextnesaos 
sbyloni yew ettld mt bas bottom tashusqebat as yt snamdzaqnes | 
dmstoxg ad yaar 4eq) Eawogno> nosh yoR s¢nemexvasem eg A 
naitom odt nt moxt saotaox10s to ttweot © ue stem ond AL 
1a¥2e yLlsotitemosorigoxsooqe Dadimeteb nots asv sasiq 3the | 


56 


the termination of in-melt measurements. The reported 
standard potential value in this case is an average of 
eight single-point measurements. 

Standard potentials for the iron, cobalt and nickel 
couples,e/astfound in this thesis), are showntlintt@able II. 

The table also includes results for the H(I)/H, couple that 
is discussed later in the text. 

Table III provides a comparison of these and other 
direct-measurement results with standard potential values 
determined from deposition potentials, as measured by Yntema 
and his students [82-84]. A general trend is visible from 
this table: direct potential measurements usually yield 
values of standard potentials slightly (up to 0.05) lower 
than those predicted from deposition potentials. A reversal 
of this trend is observed in the cases of mercury, iron, 
cobalt and nickel. At the same time, voltammetric and 
spectrophotometric analyses of the melt showed that iron, 
cobalt and nickel are corroded during the experiments. This 
was further investigated and it will be discussed later in 
this thesis in more detail. It should be stressed, however, 
that a simple increase in the concentration of transition 
metaleaonsyedue “to-corrosion, tan-in No way*account for the 
reported high values of standard potentials. This can be 
seen from the Nernst equation: at 135°C, the doubling of the 


concentration of a divalent metal ion would cause an increase 
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Table II 


Standard Electrode Potentials in the KC1-NaCl1-Al1Cl3 


Melt as Determined in this Thesis 


Electrochemical E° (volts) Standard Note 
Couple Deviation 
H(I) /H2 ele. 02 0005 
H(I) /H2 12 20 0.006 a 
Fe (II) /Fe (0) O65 2 02003 
Fe (II) /Fe (0) 0.645 0.005 isp ye 
Coltli)/Got0) 0.841 OF 003 
CO)( Isl) 7 Coo) 0.827 0.002 Dec 
Ni (II) /Ni (0) Dieu 0.002 
Ni (II) /Ni (0) Omg2o 0.005 b 
Ni (II) /Ni (0) 0£927 0.003 e 


a. melt not properly saturated with hydrogen gas; see 
SeclLlOneces Ole Lext 


bey melt €onsisted of 66 mol% AlCi,z, 20 mol’ NaCl and 24 
mol% KCl 


c. two different batches of cobalt wire were used; control 
experiments indicate that the difference in E° may be 
due to variations in wire quality rather than differences 
in melt composition. The value E° = 0.827 is probably 
to be preferred: the potential drift was smaller and the 
result? 1s closer to the value, of 0.820, obtained in one 
experiment with a cobalt-plated electrode. 


dumetrom sfive runs, each Withsfour Or more points: 
concentrations calculated from generated amounts of 
Fe(II) without a spectrophotometric check 


e. overall average of values obtained for this couple; 
there was no significant difference in the potentials 
measured in a 64 or 66 mol% A1C1l3 melt. 
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aye] 
of 12.2 mV in the equilibrium potential of a M(II) / M(O) 
couple. Table III shows that the potentials actually found 
were 50 - 100 mv higher than predicted, while the increase 
in concentration of eu due to corrosion was definitely less 
than twofold. The discrepancy between predicted and found 
values of potentials also cannot be related to the slight 
difference in melt composition between [82] and this thesis. 
The expected change of potential caused by this difference 
in composition would be less than 10 mV [9]. It would, 


of course, involve the aluminum reference electrode and not 


the working metal electrode. 


2-5 .cOoulometric Oxidationvof Iron, Cobalt and Nickel 

The required concentration of transition metal ions 
was produced in situ by coulometric oxidation of anodes of 
these metals. This technique, generally in use in molten 
salt systems, was successfully used by Hames and Plambeck 
[31,32], as well as Anders and Plambeck [1,2] for a number 
of elements in chloroaluminate melts; it allows the concen- 
tration to be changed without opening the cell. When cobalt 
was anodically dissolved into the melt, a deep blue color 
was observed in agreement with re spectrophotometric 
measurements of Zye and Gruen [62]. No such intense coloration 
was observed with iron or nickel. 

The current efficiency of electrochemical oxidation 


was checked, in the case of iron, by subsequent 
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spectrophotometric analysis. After a correction was made 
for spontaneous corrosion (from a blank not subjected to 
coulometric oxidation) the data, shown in Table IV, indicate 
an efficiency of (96.8 + 4.5)%. 

A similar check of the coulometric reduction, which 
according to Hames and Plambeck [32] should have close to 
100% efficiency for the zinc and mercury systems, revealed 
that in the case of iron (11) the efficiency of coulometric 
reduction varies with concentration and can be substantially 
less than 100%. 

Current densities of 1.5 - 5.0 mA/om* were used in 
the coulometric oxidations; they were close to the lower 
limit of current density available from the Model IV 
Coulometric Source. It took typically 35 min. to generate 
0.1 milli-mole of M(II) ions. The polarization voltage 
varied widely between about 1.8V and 1.2V (0.9 V for iron). 
Care was taken to avoid higher polarization voltages that 
might cause some chlorine evolution. For this reason higher 
current densities were not used. It should be noted that 
the polarizing voltage often was more positive (anodic) than 
the standard potential of the H({I) / H5 couple; this could 


not be avoided in our experimental set-up. 


3. Drifting Potentials and Corrosion 
As pointed out by Anders [1] certain drifting 


potentials have been found by all workers who made potential 
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Table IV 


Coulometric Anodization of Iron 


AMOUN CLO fal tron (il) Amount corrected Amount of iron in 
generated, BOGEeCOY OS1:0n 7 the melt found by 
spectrophotometry 
m moles m moles m moles 

0.150 O26 0.27 

022,50 0.36 0234 

0.250 0.36 0.33 

0.300 O41 0.40 

0.500 0.61 0.59 

0.2502 0.36 0.57 


a. In this experiment 0.350 millimoles of 
iron(II) were generated and 0.100 
millimoles were supposed to be removed 


by coulometric reduction 
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measurements in chloroaluminate melts [31,59]. Usually an 
explanation of these drifts was given in terms of slow 
chemical equilibria, typically involving polyatomic ions 
like the subvalent cadmium species in the studies of Munday 
ancecorbetc [59] Jor the Ag” ions postulated by Anders [1]. 
Drifting potentials have often been observed by one author 
in systems considered well-behaved by others. 

The Zn(II) / Zn(O) electrode potentials may serve 
as an example; while Hames and Plambeck [31,32] found the 
couple well-behaved, Munday [58] and Anders [1] observed 
drifting potentials when zinc ions were generated in the 
melCepysCOULOMetTriCc Oxidation. In sthis. thesis, zn (t1) 7 
Zn(O) potentials were found to be stable for hours within 
1 mV in agreement with [31,32]. When the coulometric 
generation of zinc ions was interrupted, there was of course 
a fall in the electrode potential due to the levelling of 
concentration within the electrode compartment. This lasted 
several minutes if the system was left resting; mechanical 
stirring reduced this interval to approximately one minute. 
Atter that, there was no significant change in the electrode 
potential with time. 

The behavior of iron, cobalt and nickel electrodes 
was entirely different. After the initial decrease due to 
concentration levelling, the potential of these electrodes 


slowly drifted upwards as can be seen from typical examples 
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shown in Figure 4; iron showed the strongest drift of the 
three metals. 

This, together with the large discrepancy between 
standard potential values obtained for the Fe (II) / Fe (0) 
couple by direct equilibrium potential measurements and 
those obtained from deposition potentials, led us to examine 
More closely the circumstances’ in which the’ potential of an 
iron electrode was drifting. Dependence of the drift 
MegnEcude on *the concentration of iron (21) “and von the 
brevious Nrsrory. or the system (cxidation or reduction prior 
to potential measurements) was studied. 

In these experiments, coulometric eee h of 
PEG uel ero LOCeeCdedmiiy Steps of. 100.16cq. Arter each 
generation period the equilibrium potential was followed 
for several hours. The eter ion levelling was 
responsible for’a potential decrease, which might be felt 
during the first minutes after the end of the coulometric 
generation. If the melt is shaken for a few seconds, this 
period is reduced to two to three minutes at maximum. An 
increase (upward drift) of the equilibrium potential follows; 
the magnitude of this drift decreases with time, but it is 
note hear Cute exponential all—olre;) there gS tacher 7a 
Suddenscasing Of the drift. after 20 — 35 minutes: When the 
equilibrium potentials were plotted against the logarithm 


of elapsed time (see Figure 5), two linear segments emerged, 
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Figure 4 
Potentian Dritt of the ron Electrode 


The initial downward drift is probably duesvse 
concentration levelling. Compartment B was 
agitated slightly at "0" time, immediately after 
the interruption of the electrolytic current by 
which iron (II) had been generated in the 
compartment; compartment A was not Bee eae 

An acceptable equilibrium value (stable to + 1 mV 
for 10 minutes) would be obtained on both curves 


A and B after approximately 30 minutes. 


Potential is increasing upwards in this Figure. 
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Figure 5 


Long-Term Potential Drift of the Iron Electrode 


Curve A: points recorded after a coulometric 


oxidation of the iron electrode. 


Curve B: points recorded after coulometric 
reduction (plating) of iron from the 


melt on an iron electrode. 


TIME (minutes) 


1000 


500 


100 


Se) 


assy 


0.54 Joo 
MEASURED POTENTIAL, V 


0.56 


67 


62.0 | 22.0 
vo AMTAaTOV a39ui 


a) 


68 
with slopes about 12 mV/unit log time up to 30 - 35 minutes 


and 3 mV/ unit log time thereafter. This feature is 
independent of the overall concentration of Fe (II) in the 
melt (from 0.1 to 0.4 mol%). When the coulometric process 

was reversed and a charge corresponding to the reduction of 
100 ueq of Fe (II) to iron metal was passed through the 
system, the subsequent upward drift of the electrode potential 
was still observed, but the 12 mV slope segment was absent 

and the potential values were 30 - 40 mV lower than for 
identical Fe (II) concentrations after the anodic dissolution 
of iron. 

Anders [1] observed a downward drift in some measure- 
ments of the Ag(I) / Ag(O) couple and he assumed the existence 
of polyatomic silver ions. The drift, however, was absent 
at lower concentrations. In the case of iron, there is an 
upward drift that does not depend on concentration. One 
could attempt to explain this behavior by assuming a slow 
dissociation or reduction of some complex compounds of iron. 
It seems, however, more realistic to seek the cause of 
drifting potentials in the known corrosion properties of 
chloraluminate melts. As was stated in the introduction, 
Kogan and Rabovskii [43] observed a periodic loosening of 
iron films from an aluminum surface in melts containing 
aluminum trichloride. They concluded that this was due to 


corrosion and quoted the rate of corrosion of iron at 200°C 
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found by Groshev for a NaCl - AlCl 


2 
g/m h. 


3 melty[(28.15 se3527 

EReOrdersto@interpret spropenlysthesresults of 
electrode potential measurements in this thesis it became 
necessary to confirm or reject experimentally the existence 
of corrosion in the systems under study. This sbedsto 
the determination of the total amount of dissolved 
iron in samples of the melt by the dipyridyl spectophoto- 
metric method [57,72]. The variable amount of iron, 
introduced in each sample deliberately by coulometric 
oxidation, was subtracted from this. The results are shown 
in Table V. The average rate of corrosion found in five 
experiments was 0.39 + 0.05 g Fe/mh, which is one order of 
Magnitude less than Groshev's value, but about half an order 
of magnitude greater than the minimum corrosion rate value 
0.08 g/mh found by Groshev [28] in the presence of metallic 
aluminum. 

Samples of melt from compartments where coulometric 
reduction was alternated with oxidation seem to show a 
distinctly higher rate of corrosion. This, however, is 
probablyan artifact, due to a less than 100% efficiency of 
the coulometric reduction. Accordingly, these data were 


omitted when the average corrosion rate was calculated 


(Table V). 
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Table V 


Iron Introduced into the Melt by Spontaneous Corrosion* 


Experiment and -Millimoles Fe Milligrams Fe 
Compartment 
1 Oh CPR iL?) tone 

Zee On 09 520 

pp 43 0.10 a> 

2Cac Omw2 6.6 

Sha gs" 6) 5 Alal 6.0 

oy 4s) Orni2 6.6 
Average 0.10840.013 ayepedes Oa 7) 


Average rate of corrosion: 0.39+0.05 g Fe/m2h 


*G0  NOUrSs OL CONtCaACL Wlthwan LLOn spiral: 
(geometrical area 2.5 cm?) 
**Coulometric reduction was tried out in Experiment 


1; data from this experiment are not included in 


average results. 
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In two of the samples, no coulometric oxidation of 
the iron electrodes took place. In one case, an electrode 
with a visibly oxide-covered surface was deliberately used. 
In another run, the electrode was covered tightly with teflon 
tape and thus insulated from the gas phase above the melt; 
in this way, loss of iron through chemical transport in the 
gas phase was excluded. None of this affected the corrosion 
Eatesstonibicantly ; findicatingéthat faichemi cal idissolution 
of iron took place directly in the melt and that it involved 
the jironemetali atselifpmnot justfatsurface foxide tlayer: 

Separate experiments proved that ferric oxide 
dissolves in the melt to some extent, but reproducibility of 
the results was too low to permit quantitative conclusions. 
This dissolution, like metal corrosion, is most probably due 


to the presence of hydrogen compounds. 


4, Voltammetry of Iron, Cobalt and Nickel 


Both cathodic and anodic voltammetric waves of the 
three metals can be observed with a stationary platinum 
microelectrode. As an analytical tool this method is useful 
for the detection of small amounts of these metals, as was 
eee laiied in the experimental eet On Chapter, Lis6. 

Borethemstudveonethesrem(LL)ay fe (O); .Com (dl) M, 
Com\O)imandani” UlUL)im/ Nl 3(O)Mredoxs couples ang tasedschloro= 
Aluminates,eit wis interesting to note the formsort these 


voltammetric waves and their location on the scale of 
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potentials. All three metal couples under discussion showed 
the same form of voltammetric waves. The cathodic waves 

were simple, peak-type curves, similar to the H (1) / H, 
curve shown as curve A in Figure 6; the peaks were usually 
sharper than those of the hydrogen system. The anodic waves 
presented, without exception, a shoulder prior to the main 
wave: this indicates some irreversibility of the charge- 
transrersreactaion [8/ le atea Certaingpoint, duranggthe anodic 
sweep, metal deposition on the microelectrode has ceased 
while anodic dissolution of the metal has not yet begun. In 
agreement with this interpretation, the shoulder was always 
observed close to the zero current line. Consequently the 
potential at the shoulder inflection point represents a valid, 
though not very precise, estimate of the equilibrium potential 


for the reaction 


yee + Iau = M (solid) 


at the local concentration of we in the neighborhood of the 
electrode. It may be taken as a lower limit of the 
equilibrium potential, which relates to the bulk concentration 


Xy2t - Table VI contains comparisons of measured shoulder 


potentials and equilibrium potentials for the given bulk 


concentrations of Moe: These equilibrium potentials were 


calculated from the standard potential data given in Table II. 
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Table VI 


Voltammetric Results compared with Potential Measurements* 


Xy2t 
Ae Es! (V) Bag! (VY) Eeq ya GUNA) 
iron 029 0.49 OF 52:8 0.04 
Ate: 0550 0.540 0.04 
Vhs Omoe 0.548 02:03 
Bm6 Or 510 OF oes Cledels 
4e5 0.505 ORD 56 O05 
Average 0.042+0.008 
Cobalt ee O69 es TAU D202 
IE Om69 Oe IS 003 
333 OS vA Omar 26 OF,02 
4,4 0.70 Dees On03 
Big 74 Or 2 Oks. TES hs O201L5 
Sos 0.705 Oh A SHS) OF.03 
Cars ORs 2 02738 O02 
6.6 Oh PAk hs TF SH) 0703 
Te2 O72 0.740 O02 
etl hs 77k 07741 O03 
Average 0.024+0.006 
Nickel 14 0.7865 One LL 5 WA 
2603 0.8165 0.820 0.005 
3.4 O32 OF O20 0.01 
Al Once 0.830 Ons 
4.5 0.83 OLA tS O00 
sone) 0.82 OR S36 On 02 
6.8 On.o2 Omone BOs 


Average 0.01610.011 


*Shoulder potential Eg on the anodic voltammetric 
waves compared with values of equilibrium potentials 
Eeq calculated from standard potentials in Table II 
for the given bulk concentrations Xy2t- 
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Table VII 


Deposition Potential from Cathodic Voltammetric Waves 


x*103 Deposition Potential, V 
Or This thesis dit 0.42 
Te ae 0.42 
30 0.45 
4.5 0.47 
Vntema secret 1 [a2 1) iL Omen Oa 
Cobalt This thesis 4.4 0.66 
sat! 0.66 
555 OW On7, 
(shes 8) ORG, 
6.6 Or.Ga, 
Pat 0.68 
st 0.68 
Yntemay ret.) (821) LOM OR 6 ome 
Nickel This thesis Pos} 0.80 
3.4 0.80 
aed 0.80 
Ane Wpeisial 
5.6 0.81. 
Scie 0.80.6 
Yntema, ref. [82] 10 nOeo0Re 
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Estimates of deposition potentials may be obtained 
from voltammetric curves by extrapolating the rising portion 
of the cathodic wave to its intersection with the zero 
current line. These extrapolated values fit rather well 
with the deposition potentials determined by Verdieck and 
Yntemat|82,33)])Pas can@be®@seenrfrom®Table VII. “’?There®is 
a Significant difference, about 60 mV for iron, 40 mV for 
cobalt and 15 mV for nickel, between the shoulder and 
deposition potentials. In other words, potentials more 
cathodic than the equilibrium potentials are needed to 
initiate metal deposition: the charge-transfer reaction is 
at least slightly irreversible. The precision of voltammetric 
potential determinations, which is in the order of + 10 mv, 
is too low to permit a quantitative assessment of this 
irreversibility. It can be stated that the Ni (II) / Ni (0) 
couple is somewhat less irreversible than the other two, in 
agreement with the findings of Martin de Fremont and 
co-workers [50]. 

The influence of corrosion on direct potential 
measurements is linked to the irreversibility of the system. 
An electrode which is being slowly oxidized and dissolved, 
cannot assume a potential more cathodic than that at which 
dissolution can proceed: this corrosion potential may be, 
and in an irreversible system necessarily is, more positive 


than the true equilibrium potential. If this is so, then 
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the potentials given in Table II are really corrosion 
potentials in the standard state or formal potentials 
relating to a slightly impure chloroaluminate melt. They 
constitute the upper limit of true standard potentials, 
while the lower limit is obtained from the shoulder 
potentials of anodic voltammetric waves. The two sets of 


limits compare as follows: 


Upper Limit, V Lower Limit, V 
Iron On 6 52a aee 005 OO Leer Oe 0 1 
Cobalt Qc 02 ieee AU02 O28 One ame Oe OL 
Nickel 0292] ee 0003 Oo ee tee OO 


TF 


C. ELECTROCHEMISTRY OF THE HYDROGEN COUPLE 


1. General Comments 

As soon as it was ascertained that iron, cobalt and 
nickel are corroded in the melt, it became important to 
determine which component of the melt or impurity present in 
it was responsible for this corrosion. From the findings of 
Kochérgin@and *“Stolyarova i['42] Sarid from *those tof *Martin "de 
Fremont, Rosset and Leroy [50] we know that hydrogen 
compounds, if present in the melt, may be the prime cause of 
corrosion. These compounds are typically introduced into 
the melt during its preparation or handling in the form of 
traces of moisture. Tremillon and Letisse [26)-"icuna that 
traces of water, or hydrogen ions, react with the melt 
components and hydrogen chloride is formed. Martin de 
Fremont and co-workers [50] treat the corrosion phenomena as 
caused by hydrogen ions directly. Kochergin and Davydova 
[40], working in molten mixtures of chlorides and fluorides, 
suggest corrosion by non-volatile hydrogen compounds, 
probably hydroxides. 

The ‘study of the H(I)/H 2 couple in this thesis was 
begun with the assumption that the various hydrogen-containing 
species present in the melt are linked among themselves by 
rapid chemical equilibria and that whatever corrosive effect 


hydrogen compounds in the melt might show would be 
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proportional to the total hydrogen (I) concentration in the 


liquid phase. 


Z. Potentiometric Study of the Hydrogen Couple 

It is known [46] that bare platinum metal can 
function as a hydrogen electrode in chloroaluminate melts 
when electroactive hydrogen compounds are present and the 
melt is saturated by hydrogen gas. In eutectic mixtures of 
molten hydroxides Goret [24] obtained similar voltammetric 
Curvecet on Ches0/Ho) redoxmsystem using either platinized 
or polished platinum electrodes. An analysis of these 
CULVes» indicated that the exchange current of thelH(1)yu5 
couple was large enough on bare platinum metal at 220°C to 
allow diffusion control of the oxidation or reduction 
current. Tremillon and Letisse [46] used a polished 
rotating platinum micro-electrode in molten sodium tetra- 
chiloroaluminate,at, 1/5°C. 

In our experimental arrangement, hydrogen was 
brought in through a glass tube of 3 mm diameter and bubbled 
verve Owly ss (apOULsLeml/min.)  cuLroughetnie melt;easspiral or 
0.6 mm platinum wire was wound around the hydrogen inlet. 
The potential of this eas EEE stable and its values 
well reproducible as long as the hydrogen flow was steady 
and the concentration of electroactive hydrogen compounds 
Was sutciciently high. Concentrations greater than 2x1073 


mole fraction, as determined from voltammetric curves, were 
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required. At lower valuespof Xx the potential readings 


He 
were scattered; most often they were considerably higher 

than expected (about 150 mV more anodic), which would suggest 
that another electrochemical reaction began to control the 


electrode potential. 


“aewast Galculated teromseaata 


The standard potential EG 


recorded in Table VIII using the Nernst equation. The 
resulting walue of 1.5202 + 0700S Wetsee Table 11) sisaan 
average of five single-point measurements. All experimental 
Values ‘taken at X_<1.7 x me as determined by voltammetry, 
were excluded from the calculations, because it could not be 
assumed that they were due only to the H(I)/H, redox system. 
Another, higher value for the standard potential of jthe 
hydrogen couple has also been included in Table II. It is 
an average of eight measurements, but it is considered less 
reliable because the melt was not completely saturated with 
hydrogen gas during that series of measurements. Some 
hydrogen was formed within the system, because the melt was 
im contactawith metallic aluminum,gout the activity .of 
hydrogen did not reach the value corresponding to 1 atm. 
pressure over the melt and the difference between the two 
values of EG was 24 mV, significant at the 99.5% confidence 
level by. detest [45]. 

Verdieck and Yntema [82], by recording electrode 
potentials “at given current densittres and extrapolating to 


zero current, determined the deposition potentials of tye 
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Table VIII 


Hydrogen Electrode Potentials 


Case A: Hydrogen pressure is 1 atm.: 


Concentration of 


"HC1" determined . Measured E, Calculateadees’, 
voltammetrically, V V 
mol% 

0.25 02996 E3208 

0%23 On9S1 1.95 

O2Z8 0.997 iecuS 

0323 0.986 200 

OF17 Oma i re OY 


Mean 1202202005 


Case B: Hydrogen pressure is the equilibrium pressure 
over a melt in contact with aluminum metal 
(compare [46]): 


Concentration of Measured E, Calculated E°, 
"HC1" determined V V 
voltammetrically, 
mol% 

0.66 1055 teas 

ee A 1.064 2 22 

O20 i064 Hong he ee 

05:30 uk Sie bab 126 

lee 2 1.080 L250 

1.09 14070 Leeeg 

OLS Ose Lee 

Mean 1222620-.006 
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81 
in a melt with Xyt = 0.01 (added as HO). In their three- 
electrode arrangement which excluded the polarization of the 
reference electrode,..a.deposition potential is essentially 
the same as an equilibrium potential measured directly for a 
reversible couple. Using their value EO. 07 tne. poteesai cas 
Nernst cauation p.atst.=.156°C,, awe get EG = 1.224 Vn a value 
almost identical with the higher but less reliable value 
given in Table I of this thesis. That is understandable, 
because Verdieck and Yntema did not saturate their melt with 
hydrogen gas. The fact that HCl would be the electroactive 
species instead of Ht [46] would in no way invalidate the 
numerical results. While Verdieck and Yntema admit some 
uncertainty in their X,+ estimates, the logarithmic form of 
the Nernst equation dampens the size of the error in the 


resulting value of the standard potential. 


3. Voltammetric Behavior of Hydrogen Compounds 

There are very few references to the voltammetric 
behavior of the hydrogen couple in fused chloroaluminates. 
Its high redox potential excludes the use of mercury 
electrodes. Trémillon and Letisse [46] using a rotating 
platinum micro-electrode found a voltammetric wave 


corresponding to the reaction they write as: 
2 Al,C15 + 2 HCl + 2 e7 > 4 AlCl, + Hp. 


SneaeNacl.— AlCl3 Me LUMWwaitheaepe leo lms 47d beso OG ye CuCEWave 


6 t0% visemes i Suites 


edt ni V 20.1 yo, Sn sien | palev skgioe 
ovlev 6 \V'SS.£ = 8d dopiew (0°32 = t-te eAOkmae pro 
sulsy sldsifsx eesf tod seqpin sis dsiw Igor: sbi a mt. - 
valdabnatedsbat af ant .eteeds eb jo ft otast a pear ; 
dviw alan sist? stexyss2 gon Bis smeiny Sasa. xosibusv 3 <7 
svttoneutoels odd od Sivow ION sed sont ad? cee eGoERN i 
a _ 


sia csebifsvnt yaw on ni Sloow (a8) “MH to. bagdetty : 


eno2 timbs smsinY Buns tosibuas? siti .2tivee 


. ss } 


to mgé2 oimddiaspol sd+ ,eozsmitas +X ties? ab Yenistreony - 
afd at acest sit te Sska sid ensqmed soiseups 2 
.Istjnasog brebdste odd Po suviav 


ebaroyunme) 
olytammbsalov stat ot, esonsz0tst west Yisv sz exon 


-eatanimitsoro lis bsaut ab eiques aspoxbyd edz to 
yiubyem Io 22 sft eebulose (sictwetog xobax eid ed 
pridssoy « poiau (80) seetsed ban nollimeaT “a r4 
ovew Sittommsatiov « Savor shoxd39fs-o29im 


82 
appears at a potential of about 1.35 V against a reference 
electrode of aluminum in a NaCl-saturated chloroaluminate 
melt. This would correspond to a potential of about 1.1 V 
between a hydrogen electrode in a near-eutectic chloro- 
aluminate melt, as used in this thesis. (The potential of 
the aluminum reference electrode increases by 0.55 V between 
melts with 49.8 and 64 mol$% AlCl. ,/ accordingyto [9]; the 
potential of the hydrogen wave itself would increase by 
Ueoueyccule: tO theschange: of 3 1)units ain the peleof the 
melt.) In fact, Torsi and Mamantov [78] have observed a 
wave at approximately 1.1 V whenever their melt (with 63 mol% 
AlCl3) contained traces of moisture. 

It was observed here that with a simple stationary 
platinum microelectrode a cathodic peak appeared at 960 + 
20 mV whenever hydrogen compounds were present (Fig. 6, 
curve A). This included moisture in the melt, water added 
in the form of crystalline salt hydrates, hydroxyl ions 
added as Ba(OH)y as well as gaseous HCl bubbled through the 
melt. The peak was similar in shape to those obtained for 
iron, cobalt and nickel. Peak behavior is expected ina 
diffusion-controlled system with a stationary electrode. As 
an anomaly, it should be noted that sometimes, typically in 
melts from which most of the hydrogen was eliminated by 
reduction, the peak failed to appear and linear voltammetric 
sweeps yielded waves somewhat similar to conventional 


polarographic ones (Fig. 6, curve B). The rising portion of 
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Figure 6 
Cathodic Voltammetric Waves of Hydrogen (TI) 


Curve A: 0.12 mol% H(I); reducing agents can still lower 


this concentration 


Curve B: 0.03 mol% H(I); steady state has been reached; 


reducing agents become ineffective 
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85 
these waves stretched over an interval of 50 - 100 mV on the 
potential scale. 

An anodic wave could also be observed, although this 
was somewhat less well defined than the corresponding waves 
of iron, cobalt and nickel, especially as far as the sharp 
dropsin’current corresponding to the ‘termination of the 
anodic process was concerned. 

In order to relate the height of the cathode peak to 
the concentration of hydrogen compounds in the melt, known 
amounts of water or hydroxyl ions were added to the molten 
system in the form of BaClj.2 H50 crystals or solid 
anhydrous barium hydroxide, respectively. Cathodic 
voltammetric curves were recorded before and after these 
additions. Two or three voltammetric sweeps were usually 
made within ten minutes after each addition. This showed 
that a period of 5 - 10 minutes was needed for a batch of 
50 - 100 mg of hydrogen-containing solid, in order to react 
fully with the melt and produce a maximum voltammetric 
effect. Only when this maximum peak height was attained, 
was the addition of hydrogen to the system assumed to be 
complete. 

Cathodic currents were calculated from the heights 
of the voltammetric wave at the pre-selected value of 
E = 960 mV, which usually corresponded to the peak potential. 
Confining the readings to one value of the potential would 


permit some evaluation of the voltammetric response of the 
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system even when the form of the voltammetric wave was 
distorted with the peak being shifted towards more cathodic 
values or failing to appear altogether. Possible errors 
introduced by evaluating in this way curves like that of 
Fig. 6 B are not significant; grossly deformed voltammetric 
waves were not used in quantitative determinations. 

Recording voltammograms prior to the additions of 
hydrogen compounds eliminates the immediate need for complete 
purification of the melt with respect to hydrogen--a task 
which proved to be very difficult under these experimental 
conditions, as will be discussed in the following sub- 
section of this thesis. The method of voltammetric deter- 
mination of hydrogen compounds, as used here, is then in 
fact one of standard additions. The reproducibility of this 
method is best illustrated by the numerical results, 
summarized in Table IX. Errors in single determinations are 
of the order of 10%, which is still acceptable for the 
calculation of electrode potentials: an error of + 10% in 
the concentration determination corresponds to an uncertainty 
of + 4 mV in the calculated value of the potential. 

At concentrations of the order of 0.1 to 1 mol%, the 
increase in cathodic current at 960 mV was found to be 
proportional to the number of equivalents of hydrogen 


compounds brought into the melt; that is 


i= 15 + 5 wA/mols% H, 
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Table Ix 


Voltammetric Determination of Hydrogen (as HCl) 


A. Hydrogen added as BaCly.2 H50: 


Balle. 2tH.O Tose Cc Wave Height 103 Xycl 
added, mg. eerhenticeael at 960 mV; wA 


68 0.32 1.4 0.83 
Hite" Th bess) wah v2 
195 2255 4.1 24 
282 oy SH) 52 Clea 
345 4.15 70 4,15a 
B. Hydrogen added as anhydrous Ba(OH)9: 
Ba (OH) 9 103 Xue Wave Height TEE 8G 
added, mg. Peete tari at 960 mV; uA 
vanes} 25,0 Ch 3¢2 
466 Sele GU 6.0 
560 Tue 10 8.6 S.7 
TES) LE OBPAS Orr 10.26a 


C. Hydrogen added in alternation as BaCl).2 H50 or Ba (OH) 9: 


BaCl>.2 H 90 ~— Ba (OH) 9 103 X,c, | Wave \Ht. 103 °Xyey 
added, mg. added mg. ealeu-— at 960 found 
lated mV; vA 
fis) 0 0. 83 Lae 0.60 
#3 88 1.54 2.8 Be 
141 88 fe SIR AGL 20 
141 182 Ba.07 620 820 
212 182 iSe.ou/, ied caihS 


a. preset value used for calibration 
Total amount of melt: A:1.36 moles; B:0.88 moles; C:1.45 moles? 
Calibration: wA/10-3 

mole fraction 1.686 0.994 2005 
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88 
wherepthe chemical symbol H is used to denote all hydrogen 
in the + 1 oxidation state. With the constant area of the 
microelectrode 0.003 cm2 taken into account, ithe current 


density is 
ey ees ON ay mA/cm? mols H. 


This value is high enough to fully account for the 


observed rate of corrosion of iron. 


Cee Ure toarlon «Or thie: Melt 

As was mentioned in the experimental section, 
routine purification of the melt was accomplished by 
immersion of an aluminum spiral for three hours as suggested 
by Martin de Fremont and co-workers [50] and by Anders [1]. 
As far as the elimination of heavy metals was concerned, 
this procedure proved entirely satisfactory. No iron could 
be detected by the a, a'-dipyridyl spectrophotometric method 
[57) in the purified melt. The residual amount of iron must 
therefore have been less than 0.02 millimoles in about 0.1 


lomo Le Melis Gy ame 2x1074. Voltammetric checks too), 


e 
showed no iron present, the limit of detection. (see 
experimental ‘section) being xp, = 1074 and even 107° using 


the enodic stripping technique. Voltammetric checks also 


confirmed the elimination of small amounts of nickel by the 
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89 
Same procedure. 

The voltammetric wave of hydrogen, however, could 
never be completely suppressed by exposing the melt to 
metallic aluminum. Even after contact with aluminum metal 
for several days some hydrogen compounds were still present. 
Lo yehe Anitcial H(l) concentration was about 1 mol%; it would 
Beaci ly be cut down to the order of 0.1 mols (determined by 
Vol ometny) suring sthe first: four sours, but there: the 
purification process seemed to stop. Replacing the "used" 
aluminum surface, which was often covered by a blackish 
deposit, by a clean new one did not further reduce the 
voltammetric waves. When a negative enough potential was 
impressed on the aluminum electrode, the melt started to 
decompose and aluminum metal was deposited; meanwhile the 
hydrogen content seemed ener 

As it was thought that passivation of the aluminum 
metal might be inhibiting the reduction of hydrogen 
Compounds, »thes cathodic (H*>H>) and anodic (A1+A13+) 
processes were separated by having immersed in the melt both 
an aluminum and either an iron or a nickel electrode (area: 
24 cm“). The two were connected through an external circuit. 
This samountedstomusing electrolyscisewiathouLsanyextervad 
power source, or internal electrolysis. The aluminum 
electrode could not be considered passive, because whenever 
it wasereconnected through the external circuit to the iron 


or nickel cathode, an increased current was observed. 
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Periodic checks on the potential of the iron or nickel 
electrode with the circuit disconnected showed that the 
electrode process there continued: the potential was rising 
spontaneously towards the equilibrium, or steady-state 
corrosion, values found earlier for the Fe(II) /Fe(0O) or 
Ni(II)/Ni(O) systems. The potential rise was slow and could 
last several hours. (Am@adadition oftwater, sas BaCl>.2 H50, 
provoked an almost instantaneous rise of the potential and 
in a few minutes, voltammograms would show the presence of 
metal ions due to corrosion.) 

It is difficult, from these observations alone, to 
discard the possibility of one particular kind of passivation 
of the aluminum electrode, which was described by Holleck 
and Giner [35] and is due to the solubility of aluminum (III) 
chloride in the molten system being exceeded in the immediate 
vicinity of an aluminum anode. In such a case a layer of 
solid A1Cl3 would cover the aluminum anode and sever its 
contact with the liquid phase. Such a passivating layer 
would tend to disappear by dissolving in the melt 
spontaneously whenever the anodic reaction stopped (i.e., on 
each interruption of the external circuit). 

The passivation phenomenon described by Holleck [35] 
is, however, strongly temperature-dependent as a result of the 
particular form of the NaCl (or KCl) ~- A1C1l3 phase diagram. 
If this phenomenon was responsible for the decrease of the 


electrolysis current, the effect should be less pronounced 
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at higher temperatures. In one experiment, the internal 
electrolysis was therefore carried out at 155 Cy etcnaceLs 
20°C above the usual temperature. No improvement in the 
efficiency of the process could be observed. It was then 
concluded that passivation was not the limiting factor 
either in the electrolysis or in the simple reduction of 
hydrogen compounds in the melt by metallic aluminum. 

After 4 - 5 hours of internal electrolysis a steady 
current of 1 - 3 mA (current density 0.08 - 0.25 mA/cm2) was 
reached every time. The concentration of hydrogen compounds, 
determined from the voltammetric curves, also remained steady: 
X, = 3xl077 - 1073 (i.e., 0.03 - 0.1 mols). In one 
experiment, values of (1.0 + 0.2)x1073 were obtained for 
three consecutive times, having added H5O or OH and then 
electrolyzed. 

ineview otetne Nigh vOlaLllicysOled UMinUume cn. — 
chloride, the bubbling of an inert gas through the melt as 
suggested by Trémillon and Letisse [46] was not considered a 
promising method of purification. According to Fannin, King 
and Seegmiller [18] the melt formally composed of 64 mol% 
A1Cl3 and 36 mol% NaCl contains about 5 mol% AljCl¢ (real 
equilibrium concentration at 175°C) while at formally 50 
NO PSsw aloe tne -CLue concentration of AljClg is negligible, 


below 1074 mol%. The volatility would increase with 


increasing Xa Cle 
2 e 


Nevertheless, inert-gas bubbling for brief periods 
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of time (approximately 1 minute) was carried out. Both 
hydrogen and nitrogen were used with similar results: the 
concentration of hydrogen compounds in the melt decreased to 
about 5x107-3 mol% (i.e., below the detection limit). This, 
however, proved to be only a temporary effect and the 
concentration of hydrogen compounds increased spontaneously 
to levels between 0.01 and 0.1 mol% within about 30 minutes. 
Summarizing all the observation of the purification 

process, it appears that there is within our system a source 
of an electroactive hydrogen-containing species, which could 
be solvated hydrogen ions or undissociated HCl. (The 
arguments of Trémillon and Letisse [46] in favor of HCl 
apply eco molten NaAlCla” and do notrexci ude. tice presence ron 
hydrogen wWons* ine Aleis“rrchemelts +e" Thisssounecenaintains a 
steady-state concentration of hydrogen compounds, which is 
estimated from voltammetric curves to be between 0.03 and 
0.1 mol%. The following possibilities must be considered: 

A. The source is external to the melt. There could be 
some HCl in the dry-box atmosphere, in equilibrium with the 
HCl dissolved in the melt. It is less probable that small 
amounts of oxygen in the atmosphere would react with the 
melt or with the hydrogen which is produced by electrolysis 
on metallic cathodes. 

B. The source is linked to impurities within the melt; 
thisewouldsimplyethatethere ss ainetheynelt a vlarger 
concentration of hydrogen compounds with only a fraction of 


them being electroactive. One can think here of aluminum 
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complexes containing hydrogen and oxygen, formed through the 
contact of the melt with moisture, or of some organic 
impurities, which are known to be difficult to eliminate 
from commercial aluminum trichloride. 

C. The steady state concentration of hydrogen-containing 
species is maintained by chemical equilibria involving the 
basic components of the melt. 

All these possibilities will in turn be discussed. 
Se Neti cSs Or Reduction ore theshydrogen 

Compounds in the Melt 

The progress of the elimination of hydrogen compounds 
from the melt can be followed both by voltammetry and by 
direct potential measurements. During the internal 
electrolysis described above, the potential of the platinum 
spiral serving as hydrogen electrode decreased linearly with 
time, until the concentration of hydrogen compounds in the. 
melt became too low (Xy < 2x107?) to impress the equilibrium 


potential of the reaction 
Hy +e = 1/2 Ho 


upon the platinum electrode. A reaction formally obeying 
first-order kinetics would produce such a linear decrease 


of potential with time: 
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and as the differential form of the Nernst equation gives 


(with the pressure of hydrogen gas being constant) 
dE = (RT/nF) d 1nx 
one may write 


SOR CRETE meet. 


The value of k (in sec~t) at 135°C, is given by the 


following expression, with E in mV, 
Kese-O0. 028 dh/dat, 


Although the electrochemical reaction here necessarily has 
to be heterogeneous, it may by adequately described by 
formal first-order kinetics. For such a reaction we may 
calculate the rate constant k and then, by choosing one 
value of X,, predict the rate of consumption of the electro- 


active species: 
—dX/dt = kX; 


Working with one mole of melt and assuming 100% current 
efficiency, we can even predict the electrolysis current at 


that particular moment: 
i = dQ/dt = - nFdN/dt = — nFdx/dt 


where F is the Faraday and N is the number of moles of the 


electroactive species; note that N = X, because we have just 
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55 
one mole of melt, and that the electrode réaction involves a 
transfer of one electron making n = 1, whether hydrogen ions 
or HCl are being reduced. 

From the experimental data, shown in Figure 7, one 
gets k = 1959x1084 sec l; taking the lowest value of Xy at 
Wihichtthe®graph@ot Figure 7eis*stall*linear; xpe= 2x1073, 

a current of 38 mA is predicted. The current observed during 
BNewinternaleetectrolysis was ™much@=tess than this, 5=mAy 

If the corrosion of iron were explainable entirely 
on the basis of the reaction with hydrogen compounds, the 
rate of iron corrosion should be the same as that of hydrogen 
compounds reduction in terms of electrochemical equivalents; 
in terms of moles, the rate of disappearance of hydrogen (TI) 
should be twice the rate of appearance of iron (II). A 
GUFFeNnt “of 38° mAYcorresponds to’ a rate of “Pron”’corrosion’ of 
2.0x107’ moles sec 1/24 cm? which is 0.30 moles/m7h opal aete| 
Fe/m2h S0ryaehnydrogen®concentration ex, = 2x1073. At the 
lowest concentration obtainable, Xy = 3x1074, the corrosion 
rate would be 2.5 g Fe/m2h for val currenveoress Ate butrat 
the observed current of 5 mA it would be 0.33 g Fe/m7h. 

This last number is in excellent agreement with the 
ebsenrvedmcorrostonerabeson (0. 392250405 ).0g Fe/m-h given in 


Table V. 


When comparing the calculated and observed current, 


it should be Kept 2n mind that during the internal 


electrolysis there is an aluminum plate in) contact with the 
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96 
melt and some hydrogen compounds may be chemically reduced 
by aluminum. The current corresponding to this direct 
reduction would not be present in the external circuit. 
But if we analyze the experimental set-up used, in which 
the areas of the aluminum and the iron plate were equal 
and the resistance in the external circuit between them 
only a few ohms, it becomes clear that one would have to 
assume the existence of a significantly greater hydrogen 
overpotential on iron than on aluminum, if a predominant 
fraction of the hydrogen compounds reduced were to be 
reduced on the aluminum mie CaN (The potentials of the 
iron and aluminum plate differed by less than 50 mV.) 
Assuming such an overpotential does not seem justified, 
because it is known that in aqueous solutions, hydrogen 
overpotentials on iron are low in comparison to overpoten- 
trols On Other metals, e.g., zinc. ‘Consequently, the 
discrepancy between calculated and observed currents 
related to the reduction of hydrogen compounds (38 mA and 
5 mA in the example quoted above) is somewhat larger than 


can immediately be explained. 


In comparing potentiometric and voltammetric data 


concerning the elimination of hydrogen compounds from the 
melt, we see that by the voltammetric method we can follow 


the process somewhat further. As was stated before, the 


we tae 


pes leas 


Ath nk bear -gimted tetnomisoqxs aha, 
Emips)otaw 248g, nox, af bre almanac 
Marg noeudsd thivorko: Eedestes edd nie eke 
oF svbd GlNew, ono dais asefo eqroced as amie w 
negerbyd asiesse ylantoiaiapia « to qoaadeixe 
theninoberq © 2i ,muplouls 9 meio aort mo deft 

sdvoF Ssisw Heovber elnesenton neporhya edt 20, 

eft 26 gisitazusdee ari) .S$tefe maaiasis ods ao E 
(Nm 02 ‘nerd soc ye SoceRPeD eysde tnd nea 
(Sapkit#au~ mase Jom senb fr tiaszaqiave me Jove paimeesé 
msporby ,scotisloe syosupe ni sepa ateona eh 3b saunoed 
=ngiogisva of ndeigsqsos ni wel 226 fork nO ef siznssoyiaie: 
ot) .Yltnerpetno onus \.g.9 j<tedem serkto fo alake 
stuetites Sovisedc hat bstsiunlses. nseved yenqoroeee 

See Am SC). ehosegae> msportived to aobtoobex aft od oesntan = 


qoit tepual tetiveroe 2 isveeie pogoup elqmaxe eid: nk a8 

-forielque sed Viersiboom’ asp 
Btsb Clvtommedioy bee Sitdembitnetog eastsqnes ater ee 
Sit moxt 2hpawogmo> pepyeting! la moetenimiip eae 4 s 


wolfol més on Hedseon Dies Sinise! Joy att yd tea% ose wie (a 


a ,pIN2e4 het ste enw aa . tet Pa 


bik eda 


7 ig motsouben (I) aspozbyH to esisenatAz 
a 


—_w~ , eras eraete WERENT | es: 2 rT a —T 

| nei BY Tae ejs18q96 pe eseoibni | G& Bas A genta : 
=i 
ie 


nit doef .tnamsirsqmos emse sit ok ‘ylevisuos ros 


anit te pated eit brs o- H Ss. gitss 2h bebbs scat 


ee Tose edy mort , alsylorspels lantesar 


zs | 
s 


ed + betsidals 2.2 b ,Jnstenco eist r9br0-Jezr2 Lemrzo2) 


™ a i or x @ f} 
‘. “798 } cr @.f = al 
Te N 2° OL = | 
> Oo * 
o/, \ ) 
~~. 
Ne 
4 
< ae 
Sy 
“es 
re << 
. oh ey 
~, *. ‘, 
x 
i : 7 
a ar er eee ene eer oe : 
* ‘ c0. ~ TRO” 1600 ~~ 


WME rirutes) 


Figure 7 
Kinetics of Hydrogen (I) Reduction 


Lines A and B indicate two separate runs observed 
consecutively in the same compartment. Each time water has 


been added as BaCl59.2 HO and is being eliminated by 


2 
internal electrolysis. From the slopes of lines A and B the 
formal first-order rate constant is calculated to be 
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89 
platinum electrode ceases to respond properly to the H(I) /H» 
couple at about 0.2 mol% of hydrogen compounds in the melt. 
The reduction of these compounds, however, goes on and the 
‘apparent equilibrium” concentration »is-estabbished. between 
Om Oe TanereOr. levmo 152). 

The kinetic study allows us to estimate the time 
nNeGessamy orm arconvecniional Ipurmiicadtion bof thewmelts) From 
the above value of the pseudo first-order rate constant, the 
half-time of the reaction is calculated to be about one hour, 
indicating that more than three hours would be required to 


lower the hydrogen content by a factor of ten. 
Dan LE OURS TION OF MEL PURLEY 


Ll. Discussion: of the (Purification Process 

iin. sycloaswerrom what.was isaldein theyvintroduction 
that different criteria have been used by various authors to 
assess the degree of purity of chloroaluminate melts, 
especially with respect to products of hydrolysis formed by 
the reaction between melt components and traces of moisture. 

The voltammetric criterion used by Torsi and 
Mamantov [78] seems most reliable; from voltammetric curves 
reproduced in their paper one can estimate that these authors 


5 (am HOM) . 


[77,78] used melts with less than 0.001 mol% H 
These melts were either prepared from very pure aluminum and 
hydnogemuchlLoridet[5 ]tor migestéd mim tsea led weubés with 


pieces of aluminum wire at 300°C for several days Pie. 
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It is more difficult to say how pure were some of 
the melts prepared in less elaborate ways. Having studied 
the voltammetric behavior of hydrogen compounds, one can 
estimate from the current densities reported by Wade, 
Twellmeyer and Yntema [84] that their melts might have 
contained about 0.1 mol% H’. Similar estimates would 
indicate that Trémillon and Letisse [46] had about 0.03 mol3 
HCl in their samples of molten NaAlCl, after nitrogen 
bubbling and less than 0.004 mol% HCl after bubbling 
combined with reduction by aluminum powder. There are some 
indications, however, that molten tetrachloroaluminates are 
easier to purify than A1C14-rich melts, ([50],, ,;which have .a 
very low concentration of chloride ions. 

In general, there seems to bea limiting concentration 
of hydrogen compounds which is relatively easy to reach. 
Difficulties arise when further purification is attempted. 

In our experiments this limit was approximately 0.1 mol% H. 
At higher concentrations, the reduction of hydrogen compounds 
by aluminum presented no difficulties. Voltammetric curves 
had the shape predicted by theory and the electrode process 
formally followed first-order kinetics. It is obviously only 
at these higher concentrations of hydrogen compounds that 
Martin de Fremont and co-workers [50] could observe the 
formation of hydrogen bubbles on the surface of aluminum 
wires immersed into the melt. Finally, as was mentioned 


earlier, Howie and Macmillan [37] found that a minimum 
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concentration of 0.2 mol% HCl was necessary to obtain smooth 
deposits of aluminum metal by electrolysis. 

Below the limiting concentration the picture was 
different. Potentiometric data were no longer reliable and 
voltammetric peaks were shifted to more cathodic potentials. 
Current-voltage characteristics, recorded in a three- 
electrode arrangement, showed an erratic behavior. Their 
reproducibility was low, the current took one minute or even 
more to stabilize, and there was hysteresis, i.e., the 
currents depended not only on the potential actually imposed 
to the working electrode, but also on its previous potentials. 
In contrast to this, melts with more than 0.1 mol% H showed 
reproducible current-voltage characteristics conforming to 
Ohm's law, without hysteresis. Currents became stable within 
a few seonds after each adjustment of the working electrode 
potential. 

All these results are compatible with the assumption 
Stated above, that there is within the system a source of 
electroactive hydrogen compounds, which interferes with 
efforts to prepare hydrogen-free melts. When there is a 
higher concentration of electroactive hydrogen compounds in 


the melt already, this interference is not noticed. 


2. Possible Sources of Melt Contamination 


Er tines rTy— SOx Atmosphere 


Contamination from this source is not very likely, 
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because the cell atmosphere is separated from the rest of 
the box by the fitted Teflon stopper. The box atmosphere 
consisted of dry nitrogen, passed through a molecular sieve 
and maintaining a slight overpressure inside the box. Two 
open dishes with phosphorus pentoxide were kept inside the 
box, providing an exposed geometrical surface of 
approximately 200 cm2 of dessicant. If some humidity did 
enter, they dry-—box,. cither,by, diffusing, throughsthe, large 
area of the rubber gloves [68] or at the beginning of an 
experiment, when equipment was being moved in and out, it 
would either be absorbed by the dessicant or react with some 
of the solid aluminum trichloride deposit on the box walls 
and be converted to hydrogen chloride. 

A check on the presence of hydrogen chloride in the 
dry-box atmosphere was made under comparatively "adverse" 
conditions a short time after an experiment involving 
gaseous HCl had been carried out in the box. A trial 
analysis of 1.2 liters of the box atmosphere (24 hours 
contact with a standard carbonate solution and subsequent 
titration of the carbonate with HCl) showed the presence of 
Hotewore thane lO000 pep. MenHCl wis Grosheyisuloy jesolubiaity 
data are correct and applicable to the melt used here, then 
100 times more HCl (a partial pressure of 0.1 atm) would be 
needed to maintain an equilibrium concentration of 0.03 mol% 


HCl in the melt, which was observed in this thesis. 
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2.2 Impurities in the Melt 

After purification of the melt by protracted contact 
with aluminum metal, a steady-state concentration of 
hydrogen compounds of the order of 0.1 mol% remains. When 
internal electrolysis is applied, the residual current of 
about 3 mA would indicate a rate of reduction of hydrogen 
compounds of the order of 1074 mole/hour; consequently the 
decrease in Xj, Ought to be measurable after 2-3 hours, if 
the hydrogen-containing electroactive species were not 
steadily regenerated. Moreover, as described above, when 
all hydrogen compounds were temporarily removed, they began 
reappearing after a few minutes. This might tentatively be 
explained in terms of a slow equilibrium within the melt, 
which ties the hydrogen-containing electroactive compound to 
other species present in the melt. 

For the sake of simplicity, let us assume that the 
active compound is HCl, as was the case in the system 
studied by Trémillon and Letisse [46]. These authors found 
that hydrogen ions (and therefore indirectly water and 
hydroxyl ions as well) were quantitatively converted to 
hydrogen chloride. In the case of hydroxyl ions one could 


write 
CHa Clas 04am teHCL (R) 


In the system studied by Tremillon and Letisse, Xo17 and 


Xyc] were practically of the same order of magnitude, 1 eee 
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while in the 64 mol AlCl3-melt X,,- has a fixed value of 
about 3x1079 {18} Sin*contrast<to Xie eo By: It would not, 
therefore, be surprising, if the rate of reaction (R) was 
considerably slower under these conditions 2) -1temione sin 
fact be comparable to the rate of the reverse reaction (R+*), 
which would result in a slow chemical equilibrium. This is 
not incompatible with the assumption [46] that oxide ions 


react with the melt components 


2- = 
Oo” + Al,Cl5 + Alj0C1 


ae DEC ley (S) 


because one might assume that hydroxyl ions would react 
along similar lines and also form an aluminum-containing 
complex. It is then possible to speak about the general 
equilibrium 
(OH™) + Cl7 = (077) + HCl (R') 

free or complexed complexed 
and define a constant K (including in it the factor Xay7s 
whose value is fixed by the buffering action of the melt): 


= o3 
Nap Pea 
XOH7 
from this we obtain a mathematical relation between Xycl and 


the overall mole fraction of hydrogen compounds 
(h = Xyo. + Xoy7) 


Ho ( lip ae ene) f 
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Where sg = Xo7—at Xo2- is the overall mole fraction of oxygen 
compounds. At higher concentrations of hydrogen chloride, 


where Xic] 7? K, the expression for h would simplify to 
Dene HCl we 


and one therefore finds dh = AXncl: “In terms of chemical 
processes this means that any lowering of the overall H(I) 
concentration is done at the expense of HCl; no change in 
the concentration of hydrogen compounds other than HCl is 
involved and consequently it does not matter whether these 
compounds are fast or slow to react. 

The situation changes in the case of Xyo, < Ki the 


expression for h now simplifies to 


implying that under equilibrium conditions the overall 
change in H should now be larger than the change in Xue? 
ifthe Lorcmation Of HC) according to reaction (R) or (R*) As 
slow, it might at this point become the rate determining step 
in the whole process of hydrogen elimination. 

If a hydrogen-containing organic impurity was 
present, it would probably form a carbonium ion [3,13], the 
influence of which could be formally described in the same 


way as that of hydroxyl ions. From an appropriate equation 


like 


H-Rt + Clo. = R + HCI (R&") 
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one may again derive an equilibrium constant 
X ex 
K = R HCl 
XuRt 


and obtain the same expression as above with g now standing 


for the overall mole fraction of organic compounds. 


2. Se New Possibilityeotagkedox Cycle 
A few words ought to be said about the hypothetical 


case that the steady-state hydrogen (I) concentration is 
linked not to other impurities, but to the basic components 
of the melt itself. This would occur if hydrogen gas could 
be oxidized by aluminum (III) or if hydrogen (I) could form 
a complex with a melt component, which would drastically 
lower the H(1)/H, redox potential. 

Aluminum trichloride clearly cannot oxidize hydrogen 
gas while being itself reduced to the metal. The observation 
of Belyaev and Firsanova [4] indicates that even the 
reduction of aluminum (III) to aluminum (I) cannot be 
coupled with the oxidation of hydrogen into a spontaneous 
process; these authors have observed the reverse, oxidation 
of aluminum (I) by water. Thus aluminum (I) compounds, which 
according to Delimarskii [16] and Storozhenko [74] are 
present in the melt, would more probably be destroyed by HCl 
or Ht. This would also be in agreement with the findings of 
Howie and Macmillan [37]. 


Under normal conditions (reduction by aluminum metal 


or internal electrolysis) the cathodic reduction of hydrogen 
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compounds is coupled with the anodic dissolution of aluminum 
metal. Unless the latter was blocked by some kind of 
selective passivation, only reactions with sufficiently 
SacnoOdtcCun se,  cniatais ea negative E° on the aluminum scale, 
would provide an alternative oxidation process. In other 
words, complexation would have to Shree the formal H*/H> 


redox potential by more than 1 V, which is very improbable. 
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CHAPTER IV 
CONCLUSIONS 


Direct potential measurements in fused chloro- 
aluminates are affected by impurities in the molten 
system. These impurities are very difficult to remove 
and one must assume that in all but some recent work in 
these melts, significant amounts of impurities were present 
during the measurements. 

From the electrochemical point of view hydrogen 
compounds constitute the most active impurity. In fused 
chloroaluminates, the H(I)/H, couple has a higher redox 
potential than most metal-metal ion couples [50,82]. The 
standard potential of the H(I)/H, couple in amelt of 64 


mol% AlCl 22 mol% NaCl and 14 mol% KCl was determined in 


3" 
this thesis to be 1.202 + 0.005 V against the Al (III) /Al1(0O) 
reference electrode in the ane melt. 

Under these circumstances reduction, either chemical 
or electrochemical, would seem to be the obvious way of 
removing hydrogen compounds from the melt and aluminum metal 
has been widely used as a chemical reducing agent. In order 
to study the kinetics of the reduction process, an internal 


electrolysis arrangement with an iron cathode was chosen. 


First-order kinetics were formally obeyed, with a rate 
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Constante kes Os 1004 sae. The half-time was about 


one hour and consequently 3 - 4 hours were needed to lower 
the concentration of hydrogen compounds by a factor of ten. 

Although there is no apparent thermodynamic reason 
that would predict a noticeably incomplete reduction of 
hydrogen compounds, all experiments in this work led to a 
steady state with a concentration of H(I), determined by 
VOlCammet ry, Deing. Octemols Or Slightly less. melt. 1s 
probable that this is caused by the interaction between the 
hydrogen redox couple and other impurities in the melt, 
either oxygen-containing or organic ones, both of which are 
Hitt culesto eliminate. 

The question, whether hydrogen is present as HCl, 
Hae or in some other form, was not studied here. Trémillon 
and Letisse [46] found that a Aye completely converted to 


HGiein aneequinolar NaCl = AlCl] smelt. .this need mot. be 


3 
quite so in near-eutectic melts, but results of potential 
measurements so far seem PONS eT Le with the assumption 

that a considerable fraction of H(I) is present as HCl even 
in these melts. 

DAGUantwtiativesstudy sote Che icorresiongot sir onsnga 
melt with 64 mol% Alcl, was made. The average rate of 
Cernosionawase0.599% 0205 ig aia MHhewCoOGGOS LONBOlLe ker rous 
netalgeus thermodynamical ly ampossiblesin pure molten 


chloroaluminates, but it may be easily accounted for by the 


presence of HCl. In the determination of standard electrode 
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potentials of iron, cobalt and nickel by direct potential 
measurements, corrosion was not extensive enough to 
invalidate measurements of metal ion concentrations. 
However, it may have interferred to some extent with the 
measurement of the equilibrium electrode potentials. The 
calculated values of standard potentials resulting from 
these experiments could then best be characterized as 
formal potentials at unit concentration in the given molten 
system. They are the higher limits of true standard 
potentials and may be complemented by lower limits, 
estimated from anodic voltammetric waves. The numerical 


results are as follows: 


Couple Direct Measurement Lower Limit 
or Higher Limit of of E° 
E? 
Fe(II) / Fe(0O) 02,652 ee eee Oe U0 Gay, CuO 1a On 0 LeV 
Coll) 7 SCOXG) Ons 27 2n* SO 90.02 V Or oO meet mei. O Lony, 
Natl) /@Nni(O) 05927 ot 60,2003 0V 0294-6 2m 0.01 V 


It is interesting to note that potential meaeurenenta 
on zinc electrodes indicate that zinc, although less noble 
than the three ferrous metals, is not corroded significantly. 
It is known from the work of Hames and Plambeck [32] that 
zinc (II) can be coulometrically reduced in the eutectic 
chloroaluminate melt with close to 100% efficiency. This 


was found not to be so in the case of iron. 
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